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SUMMARY 
 
Proton exchange membrane fuel cells have been a long-sta ding subject of 
interest in the automobile industry owing to their high efficiency, clean operation, and 
compact design. Their adoption has however been limited due to the use of expensive 
catalysts, membranes, and assembly and the challenges of storing hydrogen as a fuel 
source. This study aims to address these issues by investigating hydrocarbon-based 
proton exchange membranes and anion exchange membranes. 
The first objective was to investigate perfluorocarbon based polymer backbones. 
Nafion, considered the gold-standard PEM material, w s used to establish benchmarks 
for phase-segregation and transport properties. To improve the understanding of Nafion, 
the hydrated membrane was subjected to uniaxial deformation to simulate the effect of 
the membrane being pressed between electrodes in operating conditions. The resulting 
water phase was found to be better developed in the direction perpendicular to the 
deformation than in the stretched direction.  
 The second objective was to investigate the use of hydrocarbon-based polymers 
for use in proton exchange membrane fuel cells. Polysulfone based polymers exhibited 
smaller water domain sizes compared to Nafion. However, the side-chain structures of 
these polymer structures can be modified, effectively altering the hydrophilic properties 
of the resulting polymer membrane. Four different side-chain structures were simulated. 
The side-chains with the largest size and degree of sulfonation exhibited the best phase 
separation and transport properties, approaching those of Nafion. The simplest of the four 
studied polysulfone-based membranes was subjected to the same deformation study as 
 xiv
Nafion, exhibiting a similar enhancement of transport properties in the direction 
perpendicular to stretching.  
The third objective was to investigate anion exchange membranes. First, the 
structure-property relationship of a polysulfone-based AEM was compared to a PEM 
with the same backbone. The two membranes exhibited similar phase-segregated 
morphologies, with significantly lower ionic transport in the anion exchange model. To 
address the issue of lower transport, more highly segregated nanophase structures are 
studied. Novel highly fluorinated anionic conducting hybrid polymers are simulated and 
characterized. The simulations correctly reproduced experimentally observed structure 
and transport property trends. Additionally, our simulations may offer insight into the 









 The development of safe, reliable, and clean energy sources has been an active 
area of research for much of the 21st century. Growing concerns about pollution and 
sustainability, along with political and economic objectives, have further thrust the issue 
into the public conscience. Renewable sources of electricity such as solar or wind power 
face a number of challenges. They require large land areas and capital investment, while 
offering variable output, posing further challenges for energy storage. This inhibits their 
ability to compete commercially with current energy technologies. Electrochemical 
energy sources offer an alternative to non-renewable technologies without the same 
storage requirements. Batteries and fuel cells in particular have received significant 
attention for their ability to provide clean electri al power on demand. Batteries however 
still require energy to be stored and recharged, which also limits their convenience when 
compared to current technologies, particularly for transportation applications. Fuel-cell 
technology provides the opportunity to harness an alternative fuel source while mitigating 
the need to an overhaul of our energy infrastructure. 
 Fuel cells operate with no pollutant emissions. The use of hydrogen fuel and low 
operating temperature eliminate the formation of carbon dioxide and mono-nitrogen 
oxides. Still, the widespread adoption of fuel-cell technology has been limited. 
Challenges include fuel source, cost of catalysts, membranes, and assembly. The 
synthesis of new ionomer membrane materials has aimed to address some of these 
challenges. The choice of membrane can impact the typ of catalyst and fuel source 
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required for operation. Beyond proposing and synthesizing novel membrane materials, an 
improved understanding of the fundamental nature of polymer electrolyte membranes is 
necessary. This work aims to fill address this issue, with a focus on both traditional 
proton exchange membrane polymers and more newly pursued anion exchange 
membrane polymers. 
Fuel Cells 
A simple fuel cell operates by oxidizing a fuel, such as hydrogen, to produce 
electricity and water. Initial fuel cells were used to generate power for space applications. 
Since, fuel cells have found applications as power sources for commercial, residential, 
and industrial buildings. To a lesser extent, fuel c lls have also been used to power 
vehicles.  
However, several limitations have hindered widespread adoption of fuel cells. 
Expensive membranes and catalysts, along with difficult hydrogen fuel storage and poor 
durability have prevented fuel cells from capturing a position in the transportation 
market. To allow fuel cells to compete within the transportation sector, lower costs and 
improved performance are necessary. With the increased attention and funding of fuel 
cell research several types of cells have received consideration. Polymer electrolyte 
membrane fuel cells (PEMFC) have received extensive att ntion for transportation 
applications. This is due to their solid organic polymer membrane, allowing for high 
specific energy and power, transportable size, and bility to operate at ambient 
temperatures. 
Within the class of polymer electrolyte membrane ful cells, two subclasses have 
been investigated. Proton exchange membrane fuel cells (also PEMFC) have received 
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most of the initial attention due to their high ionic transport properties, allowing for high 
power densities. Yet a number of factors, discussed in the following section, have limited 
their viability. Alternatively, alkaline anion exchange membrane fuel cells (AAEMFC or 
AEMFC) have begun to receive more consideration. Both PEMFCs and AEMFCs are 
discussed in more detail below. 
Proton Exchange Membrane Fuel Cells 
Proton exchange membrane fuel cells operate at moderate temperatures in 
comparison to others, such as solid oxide fuel cells. The primary role of the proton 
exchange membrane (PEM) is to separate the fuel and oxidizer compartments, while 
allowing protons to flow from the anode to the cathode. Internally, the PEM requires 
some level of hydration to conduct protons. As the polymer backbone is hydrophobic and 
the side chains are hydrophilic, the morphology separates into two phases. The 
hydrophilic phase, essential for proton transport, consists of interconnected water 
channels surrounding the acid groups. The complementary hydrophobic phase dictates 
membrane selectivity and mechanical stability. The morphology and separation of the 
two phases is largely determined by the ionomer. Nafion, developed by DuPont, has long 
been the standard for PEM fuel cells. The structure of Nafion is based on 
perfluorosulfonic acid. Despite high proton conductivity and mechanical stability, Nafion 
is costly and exhibits high fuel crossover when used with methanol. A number of 




Anion Exchange Membrane Fuel Cells 
Anion exchange membrane fuel cells operate similarly to PEMFCs, but instead of 
conducting protons, they transport hydroxide ions i the opposite direction, from the 
cathode to the anode. The polymer backbones can be similar to those of PEMs, but 
contain cations instead of the sulfonic acid groups found in PEMs. Quaternary 
ammonium groups are typically used for this task. AEMFCs offer the potential to surpass 
their PEM counterparts as they avoid some of the limitations. Specifically, they are 
cheaper, as AEMFCs do not require the use of expensive catalysts due to their faster 
electrode reaction kinetics. AEMFCs experience lower corrosion, and are more robust to 
fuel sources, such as methanol and higher alcohols. The fuel versatility of AEMFCs is 
also advantageous, as alcohol fuels can be stored easier than hydrogen. 
Despite the advantages of AEMFCs, some challenges remain before they achieve 
the same level of attention as PEMFCs. Notably, poor i nic conductivity due to lower 
anion diffusion rates is among the biggest issues in AEM research. This work aims to 
apply computational methods and strategies similar to those that have been success fully 
applied to investigating PEMs to examine novel AEM materials and elucidate the 
structure and transport properties of current membranes. 
Present Contribution 
 The present study aims to study several types of membranes with respect to their 
suitability for use in polymer electrolyte fuel cells. First, Nafion is studied in the context 
of characterizing the effect of mechanical deformation of performance. This is performed 
to understand the nano-scale effects of deformation on performance, as polymers are 
squeezed between plates in a membrane electrode assembly (MEA). These simulations of 
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Nafion also set a benchmark for comparison with other membranes also subjected to the 
same deformations. Next, hydrocarbon-based membranes with varying side-chain 
pendants are studied. Last, anion exchange polymer membranes are compared to proton 
exchange polymer membranes and novel anion exchange membranes are also 
characterized. All of the mentioned studies are performed in view of creating a better 
understanding of the nano-scale structure-property relationships at play in polymer 
electrolyte membranes. The overall objective is to assist in informing experimental 
design of better-performing membranes for future fuel-cell technologies. 
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CHAPTER 2 
SIMULATION AND ANALYSIS METHODS 
Simulations 
Molecular dynamics (MD) simulations have been successfully applied to study 
PEMs by a number of groups.[1-20] Here, all planned simulations will involve full-
atomistic models of PEM and AEM systems. The simulations will be performed using the 
LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)[21, 22] MD 
software from Sandia National Laboratories, modifie to handle the DREIDING force 
field.[4, 23]  
Analysis 
Structure and transport property characterization is ecessary for useful analysis 
following MD simulation. In this work, relevant characteristics include local structures, 
nanophase-segregation, and diffusivity of water andio s. This section briefly describes 
characterization methods commonly used in MD studies and our own work. Newer 
methods and more detailed analyses are discussed in the later chapters. 
Local Structure and Solvation 
A radial distribution function (RDF) characterizes the local structure surrounding 
individual species and provides insight into the extent of solvation of important moieties, 
such as the sulfonate (PEM) or quaternary ammonium (AEM) groups. Shown in Equation 
1, the pair correlation functiongA−B r( ) indicates the relative probability of finding B
atoms at a distance r from A atoms, averaged over the equilibrium trajectory. 
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  (1) 
 
Specifically, nB is the number of B particles located at a distance r from particle A in a 
shell of thickness ∆r. NB is the total number of B particles in the system, while V is the 
system volume. From the RDF, several useful conclusions can be drawn. Assuming only 
pairwise interactions between atoms, the thermodynamic properties of the system can be 
calculated. The structure factor can also be calculted as the Fourier transform of the 
RDF. Additionally, the coordination number, signifying the number of B atoms 
surrounding atom A can be calculated by integrating the RDF radially, as shown in 
Equation 2. The integration limits are defined as the minima surrounding given peaks in 
the RDF.  
CN = 4πρg r( )r 2 dr
0
r0
∫  (2) 
 
The area of the peak, representing the coordination number, describes the solvation shell 
of B atoms, like water, around species A, like sulfonate or ammonium. 
Transport and Diffusion 
Mean Squared Displacement 
Efficient fuel cell operation is reliant on facile transport of ions through the 
polymer membrane. For macroscopic analysis, ion conductivity, water diffusivity, and 
electro-osmotic drag describe the relevant transport roperties for a given polymer 
membrane. In MD simulation, the simplest assessment of transport properties can be 
achieved by measuring the movement of ions over the course of an equilibrium MD 
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simulation. Similar study of the movement of water is also indicative of ion transport if 
ions are well solvated. The mean squared displacement, (MSD) defined as the ensemble 
average of the square of displacement as a function of time, is commonly used in MD 
simulation to calculate transport properties. The MSD is calculated over the time interval 

















)(  (3) 
  
 
Where s is the time origin step, N is the number of particles, T is the length of the 
trajectory, dt0 is the single frame interval, dtmax is the maximum MSD time, and r(t) are 
the coordinates at time t. Individual components of the MSD are calculated using only the 
relevant components of the coordinate vectors. Thisprovides the six components of the 
MSD, in addition to the isotropic average. The diffusion coefficient, D, is obtained from 





r t( ) − r 0( )( )2  (4) 
  
 
Here, r(t) and r(0) are the positions of a water molecule at time t and the beginning of the 
simulation.  The diffusion constant is proportional to the slope of the linear asymptote of 
the MSD plot. For 3D diffusion, the proportionality constant is 6. For 2D diffusion, the 
proportionality constant is 4. This treatment of transport is inherently simple and only 
accounts for vehicular diffusion.  
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Grotthuss Mechanism  
Further to the vehicular diffusion of protonated water (hydronium), protons also 
hop along sequences of proximate water molecules throug  Grotthuss diffusion. The 
Grotthuss mechanism has also been proposed as a possible method of transport for 
hydroxide in the anion exchange membrane.[24-26] Several methods have been 
developed to calculate the contribution of Grotthuss diffusion in simulated membranes, 
which requires calculating the forces required to break and form bonds. This has been 
demonstrated using quantum mechanics,[27, 28] reactiv  force fields,[29, 30] multistate 
empirical valence bond models[31], and by several other methods.[16, 31-36] However, 
such methods need to be carefully selected, as the proposed systems are too large for 
quantum methods and not parameterized for use with reactive force fields.  
Calculating the diffusion coefficient of the hopping mechanism required a 
quantum mechanical approach. The dynamic evolution of the intermolecular distances 
between water molecules affects proton conduction. Thus, quantum mechanical transition 
state theory (TST) is used as shown in the following equation: 
 















exp,   (5) 
  
 
Here, κ(T,r) and ω(r) are the tunneling factor and the frequency for the zero point energy 
correction. These values are obtained from previous publications in literature.[37, 38] 
E(r) is the energy barrier for a proton to be transferred from donor to acceptor in water at 
a distance r. The proton hopping energy barrier is calculated for fixed distances between 
donor-acceptor oxygen pairs by quantum mechanics. This establishes the energy 
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distribution as a function of distance between the donor-acceptor pair. The Poisson-
Boltzmann self-consistent reaction field model is used to correct the effect of the solvent, 
before the energy barrier is recalculated.[39, 40] Using the tunneling results and the 
donor-acceptor pair distances, the proton hopping dffusion coefficient is obtained from 

















Here, N is the number of protons and Pij is the probability that a proton will jump from 
hydronium ion i to water j. The distance of the donor-acceptor pairs is determined from 
the MD simulation trajectory at equilibrium and defin d as r ij. The calculated hopping 
diffusivity, added to the previously described vehicular diffusivity, gives the proton 
diffusivity. The total diffusivity can then be used to calculate the ionic conductivity.   
Conductivity 
 Ionic conductivity for either protons or hydroxide anions is calculated using the 




,=σ  (7) 
  
 
The ion concentration and charge are denoted by c and z, respectively. F and R represent 




Nanophase-Segregation and Water Channels 
Structure Factor 
Nanophase-segregation describes the extent of separation between the hydrophilic 
and hydrophobic components of the hydrated polymer mbrane. In PEMs, the extent of 
nanophase-segregation largely affects the ionic transport. Increased segregation generally 
corresponds to more developed water channels, leading to better transport of both water 
and protons. Transport in AEMs is expected to be analogous to PEMs. Prior to 
developing any novel understanding of transport in AEMs, assessing the extent of 
separation alongside PEMs is important in understanding any possible dependence. Thus, 
a highly segregated and well-defined water phase should correlate with facile water and 
ionic transport.  
To characterize nanophase-segregation, the structure factor is calculated as shown 
in Equation 8. Here, the angular brackets denote a thermal statistical average. ξi
represents a local density contrast, q is the scattering vector, r ij is the vector between two 
species i and j.   




∑ L3   (8) 
 
 
Commonly used in small angle scattering experiments, (SAXS and SANS) the structure 
factor has been used computationally to characterize polymers,[41, 42] including 
hydrated polymer membranes. [4, 8, 12, 20] Though experimental use of the structure 
factor measures the electron density contrast or deuterium density contrast, the 
computational application introduces an artificial density contrast to determine whether a 
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site is occupied by a hydrophilic or hydrophobic entity. The structure factor is spherically 
averaged as shown in Equation 9. 




∑   (9) 
  
 
Here, q = (2π / L)n, where n = 1, 2, 3, L denotes for given , a spherical shell 
n−1/ 2≤ qL / 2π ≤ n+1/ 2. Practically, the maximum peak of the structure factor profile 
gives the characteristic correlation length, corresponding to the extent of nanophase-
segregation. It is important to note that due to the periodicity of simulated systems, the 
structure factor profiles are only considered for q values greater than 1. 
Anisotropic Structure Factor 
The general expression above calculates the structure factor of an isotropic 
structure from the Fourier transform of the RDF. This version is a spherically averaged 
measure of particle arrangement in real space. However, in non-cubic systems, the 
development of anisotropic features is expected. To evaluate these features, the structure 
factor must be calculated along the direction specific reciprocal space vectors, k. The 
simplest directions to evaluate are (100), (010), and (001). The anisotropic structure 
factor is computed from the following equation:   
( )









∑ ∑ kr kr
k  (10) 
 
Here, k is the scattering vector, r i and r j are the position vectors of atoms i and j, and N 
denotes the number of atoms. The angular brackets denote an ensemble average.  
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CHAPTER 3 
PERFLUOROCARBON BASED PROTON EXCHANGE 
MEMBRANES 
 
 The work presented here was published in Materials Performance and 
Characterization.[43]  
The deformation of hydrated Nafion 117 is implemented using full-atomistic 
molecular dynamics simulation method to elucidate how the mechanical deformation 
affects the structure and transport of hydrated Nafion membrane. First, Nafion 117 
membrane is equilibrated with 20 weight percent water content through an annealing 
procedure. The simulated characteristic correlation length and the diffusion coefficient of 
water and hydronium ions are analyzed for comparison with those observed in 
experiments. Then, the equilibrated Nafion membrane is deformed uniaxially up to 300% 
of strain with a constant strain rate. The change in nanophase-segregation of hydrated 
Nafion during the deformation process is characterized using a directional structure factor 
as well as the pair correlation function in order to achieve fundamental understanding of 
the relationship of such structural change as a functio  of strain with the proton transport. 
It is found from the pair correlation analysis that the sulfonate distribution and sulfonate-
hydronium correlation becomes stronger through the deformation while the hydronium 
ion solvation and the internal structure of water phase are not dependent on the 
deformation. From the directional structure factor profile, it is found that the long-range 
correlation is developed in the perpendicular direct on to the extension. In the initial 
study, the diffusion of water and hydronium ions were nhanced by 30 % and 2 %, 
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respectively, after the deformation. To better understand the effect of deformation on 
proton transport, an extended equilibrium simulation was carried out before and after the 
stretching. The directional components of the diffus on were also considered. In the 
extended simulation, the vehicular diffusivities ofwater and hydronium ions were 
improved by 32 % and 12 %, respectively, following uniaxial deformation. The 
directional diffusivity was also found to depend onthe direction of drawing. The 
diffusivity of water parallel to the draw direction was found to decrease by 1 % while 
improving by 42 % in the through-plane directions.  
Introduction 
Proton exchange membrane (PEM) fuel cells have beensubject to extensive study 
as alternative powers sources to thermal devices that combust non-renewable fuels.[44-
49] Specifically, Nafion (Figure 1has been studied extensively as a candidate material for 
PEMFC applications. The choice of Nafion is attributed to its high proton conductivity, 
desirable thermal, chemical, and mechanical stabiliy. However, high cost, efficiency, and 
durability have hindered the widespread use of Nafion in PEM fuel cells. 
Experimental studies have attempted to improve the performance of Nafion in 
PEM fuel cells by physical or chemical treatment mehods.[50] In particular, the uniaxial 
pre-stretched treatment of recast Nafion shows 33-48% higher power densities compared 
to Nafion 117 in direct methanol fuel cell operation, along with reduced methanol 
permeability,[51] suggesting  further investigation nto the underlying mechanism for the 
improved performance could provide better understanding of Nafion in the context of 
PEM fuel cell applications. The study claims the difference in methanol permeability is 
associated with the morphology difference in the str tched membranes. Rod-like polymer 
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aggregates, present in Nafion solution, may be better aligned prior to elongation, and 
thus, improve the stretched membrane nanostructure, with fewer molecular-level defects, 
better polymer chain packing, and greater polymer crystallinity following annealing.[51] 
Molecular dynamics simulations have been successfully used to study PEM 
systems.[2, 4, 8, 12, 13, 15-18, 20, 52-55] Although molecular dynamics does not allow 
for a full-scale study of fuel cell operation, it has provided detailed molecular level 
information on the nanophase-segregated structure and proton transport in PEMFC 
systems. Previous studies have used molecular dynamics (MD) simulation techniques to 
characterize polymer electrolyte membranes including Nafion,[4] Dendrion,[16, 20] S-
PEEK,[8, 12] sulfonated polystyrene,[54] and sulfonated sulfone.[55] These studies have 
mainly focused on elucidating the relationship between nanophase-segregation and 
transport properties, whose primary conclusion was th t proton conduction improves as a 
function of nanophase-segregation, due to the prevalence of well-developed water 
channels with a tight hydrogen-bonding network.  Similarly, MD simulations should also 
be able to characterize the nature of the nanophase-segr gation and transport properties in 
uniaxially stretched Nafion. Previously, the effect of uniaxial stretching has been studied 
using coarse-grained molecular dynamics simulation.[56] In this context, the conductivity 
was found to increase in the direction of stretching, while hydrophilic regions were 
elongated in the same direction and side-chains oriented perpendicular to the stretching 
axis.[56] To our knowledge, however, no further computational study has been 
implemented to examine the mechanical deformation treatment of Nafion in the context 
of PEM fuel cells. Additionally, no study implementing mechanical deformation via full-
atomistic MD has been found.  
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Figure 1: Chemical structure of Nafion polymer (x = 7, y = 1, and z = 1). 
 
 
In this study, full-atomistic MD simulations were performed to investigate the 
effect of uniaxial deformation on the nanophase structure and transport properties of 
Nafion. For this, the strain of 300 % was induced onto amorphous phase of Nafion with 
20 wt. % of water content. Our focus is on characterizing 1) the structural change in 
nanophase-segregation and 2) the corresponding change in transport properties in the 
membrane.  
Modeling and Simulations 
All simulations were carried out using fully atomistic models consisting of 1100 
EW Nafion, water, and hydronium ions. The composition of the Nafion system is 
summarized in Table 1. 
Force Field and Simulation Parameters 
We used the DREIDING force field [23] to describe the intramolecular and 
intermolecular forces in the hydrated Nafion membrane.  The force field is the same as 
previously used to study Nafion,[4] Dendrion,[16, 20] S-PEEK,[8, 12] sulfonated 
polystyrene,[54] and sulfonated sulfone,[55] as well as various molecular systems.[57, 
58] Water was described using the F3C force field.[59] The force field for hydronium ion 
has been used since it was developed for the simulation study of the hydrated Nafion 117 
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membrane.[4] The force field parameters used are the same as reported in their original 
papers.[23, 59, 60] The DREIDING force field has the form: 
 
Etotal = EvdW + EQ + Ebond + Eangle + Etorsion + Einversion (11) 
 
where Etotal, EvdW, EQ, Ebond, Eangle, Etorsion and Einversion are the total, van der Waals, 
electrostatic, bond stretching, angle bending, torsion and inversion energy components, 
respectively. The individual atomic charges were assigned through Mulliken population 
analysis using B3LYP and 6-31G** in Jaguar.[61] Electrostatic interactions were 
calculated using the Particle-Particle Particle-Mesh (PPPM) method.  
 




(Number of monomeric unit/chain) 
11473 
(10) 
Equivalent weight 1147.3 
Number of sulfonate 10/chain 
Number of atoms 18728 
Water content (wt %) 20 
Number of water molecule 2392 
Number of water molecule/sulfonate (λS) 15 
Density (g/cm3) at 353.15 K 1.62 
Number of chains 16 
System dimension (a=b=c) 61.86 ± 0.09 Å 
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Model Construction and Equilibration  
Hydrated Nafion 117 membranes consisting of 16 chains were constructed with 
20 wt % of water content. The total number of atoms wa  18728 and the number of water 
molecules and hydronium ions were 2392 and 160, respectively. The initial Nafion 
structure was built using the Amorphous Builder module in the Cerius2 software 
package.[62] Since this initial structure may contain unstable confirmations, the initial 
structure of amorphous Nafion membrane was equilibrated using the annealing procedure 
as previously used for various membranes.[4, 8, 12, 16, 20, 54, 55] The annealing 
procedure utilizes a systematic variation of the temp rature and volume to accelerate the 
equilibration of the structure. Please refer to the ref rence[4] for detailed information of 
the annealing procedure.  
Molecular Dynamics Simulations 
Full-atomistic MD simulations were performed using LAMMPS (Large-scale 
Atomic/Molecular Massively Parallel Simulator)[22] software developed by Sandia 
National Laboratory, with modifications to handle the DREIDING force field. The 
equations of motion were integrated using the Verlet a gorithm[63] with a time step of 
1.0 fs. The Nose-Hoover thermostat[64, 65] for the isothermal-isobaric ensemble (NPT) 
simulations used a damping relaxation time of 0.1 ps and a dimensionless cell mass factor 
of 1.0. In this study, the equilibrium MD simulations were conducted to equilibrate the 
structure before and after the deformation.  
The non-equilibrium MD simulation of uniaxial deformation was performed to 
investigate the effect of deformation on the nanophase-segregated structure and transport 
properties of Nafion 117. The uniaxial deformation was applied up to 300 % strain at 
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T=353.15 K for 1 ns, indicating that the strain was pplied uniformly across the 
simulation box with the constant strain rate of 0.00 186 Å/fs, and correspondingly the 
atomic coordinates were rescaled to the new box dimensions at each time step. This 
procedure was employed for the uniaxial deformation in x, y and z-axis directions 
independently. As the strain of 300 % was used in experimental study,[66] we also 
employed the same strain for comparison. Following the 1 ns deformation simulation, 
each system was allowed to equilibrate for 5 ns via NPT. The results from each direction 
were statistically averaged. The initial and final structures of the hydrated Nafion 
membrane are shown in Figure 2. 
 
 
(a) Initial structure 
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(b) Deformed structure 
Figure 2: Simulated Structure of hydrated Nafion 117 membrane (a) before deformation and (b) 
after uniaxial deformation with 300% strain deformation in z-axis direction. Gray and green colors 
denote carbon and fluorine, respectively, and red and white colors denote oxygen and hydrogen, 
respectively. 
Results and Discussion 
Nanophase-Segregated Structures 
Distribution of Sulfonate Groups 
Proton transport in polymer electrolyte membranes occurs as hydronium cations diffuse 
through the water channels. The water channels in Nafion have been previously 
characterized[4] and determined to be more conducive for proton transport as the 
channels become more connected and its internal structure approaches that of bulk water 
phase. The structure of water channels remains critical to the proton transport in stretched 
Nafion. Thus, the effect of mechanical deformation on the internal structure of water 
channels is one of the primary interests in this study. Here, we consider the sulfonate 
groups of the Nafion as an essential factor in determining the nanophase-segregation in 
the hydrated membrane since water molecules should gather around the hydrophilic 
sulfonate groups to solvate them, and thereby form water channels. To investigate the 
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distribution of the sulfonate groups, we calculate th  pair correlation function (PCF) that 
















    (1) 
where Sn  is the number of sulfonate groups located at a distance r in a shell of thickness 
r∆  from a sulfonate group, SN  is in the total sulfonate groups in the system, and V is the 
total volume. For direct comparison, the quantity of ( )rg SS−  is multiplied with the 
number density of sulfonate group (Sρ ) in a unit cell system. 
 Figure 3 shows the pair correlation of the sulfonate group pair, ( )rg SS− , before 
and after the deformation of Nafion. The sulfonate-sulfonate PCF shows a broad peak 
ranging from approximately 5-10 Å both before and after the deformation, suggesting 
that the sulfonate groups are likely to be found near ach other at a higher relative 
probability for this range of distances. While the overall profiles show a similar trend, the 
maximum peak positions differ. The undeformed structure shows a PCF peak around 8 Å 
while the deformed structure has larger intensity at 5-7 Å and at 10-15 Å, indicating that 
the distances among sulfonate groups becomes diversified more as the membrane is 
uniaxially stretched. The sulfonate-sulfonate PCF showed good agreement with both 
profile shapes and peak locations reported in previous studies.[4, 10, 18, 52] 
Furthermore, the profiles and peak locations of the other PCFs reported in this study 












































Figure 4: Pair correlation function of sulfur-oxygen, ρgS−O(water) r( ) , in hydrated Nafion. 
 23
 
Solvation of Sulfonate  
The effect of deformation on the solvation of the sulfonate groups of Nafion can be 
studied using the PCF of the sulfur (sulfonate) - oxygen (water) pair, ( )rg waterOS )(−ρ , 
shown in Figure 4. The first solvation shell is ranged from 3.0 Å to 4.75Å, observed both 
prior to and following deformation. The two distribution profiles similarly exhibit a 
significantly smaller second peak at 5.25 Å. The identical peak position of PCF indicates 
that the deformation does not affect the strength of t e molecular interaction between the 
hydrophilic sulfonate groups and the water molecules. However, the peak intensities of 
the two distributions show slight difference, presenting that the sulfonate groups in the 
deformed membrane are more solvated by water compared to those in the undeformed 
membrane. The higher intensity implies a greater probability of a water molecule being 
located at a particular distance from a sulfonate group. To quantify this observation, the 
coordination number (CN) is calculated by integrating the first solvation shell of the 
sulfonate group (Figure 4). From Table 2, it was found that the water CN of sulfonate 
group in the deformed membrane (6.91) is slightly larger than that in the undeformed 
membrane (6.79). We think this difference might be caused by the closer proximity of the 
sulfonate groups after the deformation. 
Table 2: Coordination numbers 
 Nafion 
Model 




































Figure 5: Pair correlation function of sulfur-oxygen, ρgS−O(hydronium) r( ), in hydrated Nafion. 
Correlation between Sulfonate and Hydronium Ions 
The PCF of the sulfonate-oxygen (hydronium) pair, ρgS−O(hydronium) r( ) is also 
analyzed (Figure 5) both before and after the deformation, showing that the primary peak 
is located at ~4.0 Å. It is found that the deformed system has stronger correlation 
between sulfonate and hydronium ions while the curves overlap for the remainder of the 
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profile outside of the primary peak area. Considering that ( )rg hydroniumOS )(−ρ  is similar 
when the sulfonate groups are solvated by water to a similar extent, this is not an 
expected result. We think that a clue can be found from the previous analysis for 
ρgS−S r( ): since the sulfonate groups gather closely, the hydronium ions would also get 
correlated with other sulfonate groups. In order to confirm this explanation, we need to 
analyze the solvation of the hydronium ions with water, discussed immediately below. 
Solvation of Hydronium Ions 
As mentioned in the discussion of the sulfonate-hydronium pair correlation, we need to 
investigate the solvation of hydronium ions by water for a complete understanding of the 
behavior of hydronium ions in the deformed Nafion membrane. Figure 6 shows that 
ρgO(hydronium)−O(water) r( ) is very similar at the peak position (~2.6 Å) befor  and after the 
deformation, which is confirmed quantitatively by the water CN of hydronium ions: 3.45 
and 3.44 for the undeformed and the deformed membrane, respectively. This result 
indicates that the hydronium ion solvation is not affected by the deformation, which is a 
strong evidence that the enhancement of ρgS−O(hydronium) r( ) is just due to the enhanced 
proximity of sulfonate groups. If not, the solvation f hydronium ions would be reduced 
as ρgS−O(hydronium) r( ) becomes enhanced. 
Internal Structure of Water Phase  
Internal structure of the water phase in hydrated polymer membranes is of critical 
importance to proton transport. This has been establi hed by previous studies, confirming 
that improved connectivity of the hydrophilic phase leads to better proton transport, 
approaching the behavior observed in bulk water. The proton transport is partially aided 
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by the hydrogen-bonding network that is less developed in hydrated membranes in 
comparison to the bulk water phase.[67-72] Figure 7 shows that the PCF of the water-
water pair is not sensitive to the mechanical deformation of the membrane: the peak 
position is identical (~2.8 Å), indicating that the water phase holds a very similar local 





























Figure 6: Pair correlation function of oxygen-oxygen, ρgO(hydronium)−O(water) r( ), in hydrated Nafion. 
 
One of the factors affecting the local structure in the water phase would be the 
composition of the system. Since the composition of the hydrated membrane is the same 
before and after the deformation, this simulation result means that the water phase holds 
its internal hydrogen bonding network to the same level although the water channels are 
rearranged during the deformation. The water CN is calculated as 4.01 and 3.98 for the 
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undeformed and the deformed membrane, respectively, which is smaller than the water 



























Figure 7: Pair correlation function of oxygen-oxygen, ρgO(water)−O(water) r( ) , in hydrated Nafion. 
Extent of Nanophase-Segregation 
The nanophase-segregation of the hydrated polymer membrane describes the 
extent to which the hydrophilic and hydrophobic phases are separated. As the nanophase-
segregation proceeds, the water phase develops its internal structure more with better 
hydrogen bonding network. There has been a consensu that a greater extent of 
nanophase-segregation is desired to facilitate the proton transport. Therefore, it is crucial 
to quantitatively characterize the effect of mechanic l deformation on the nanophase-
segregation of Nafion. For this, the structure factor,[73] ( )kS  is calculated as a function 













∑ ∑ kr kr
k  (10) 
where k  is the scattering vector,  and i jr r  are the position vectors of atoms i and j, 
respectively, and N  denotes the number of atoms. The angular bracket in Equation 10 
means an ensemble average. 
 
Figure 8: Structure factor profile for hydrated Naf ion before and after deformation 
 
It is noted that the structure factor for the isotropic structure that is calculated 
from the Fourier transform of the PCF, is a spherically averaged measure of particle 
arrangement in in real space. In this simulation study, however, the structure is uniaxially 
extended, which would develop anisotropic feature in the hydrated membrane. In order to 
evaluate the effect of such uniaxial deformation, therefore, the directional structure factor 
was calculated along the direction of specific reciprocal space vectors, k such as (100), 
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(010), and (001). These directions are chosen based on the deformation direction during 
our MD simulations.  
Figure 8 shows the structure factor profile calculated from hydrated Nafion before 
and after deformation. The structure factor profiles are calculated as a function of the 
scattering vector, k. Before the deformation, the strongest peak is found at k=2 [LÅ]-1 
whereas its intensity is significantly decreased after the deformation, especially in the 
direction of extension. We think this change in thestructure factor profile indicates that 
the nanophase-segregated structure is significantly deformed and rearranged during the 
uniaxial extension, and thereby the long range correlation along the extended direction is 
suppressed very much. The other directions perpendicular to the extended direction also 
shows a small reduction in their intensity in Figure 8, meaning that the nanophase-
segregated structure in the hydrated Nafion membrane loses some portion of the long 
range correlation at k=2 [LÅ]-1 during the deformation. Instead, it should be noted that 
the longest range correlation in our structure factor profile analysis at k=1 [LÅ]-1 is 
increased more than 2 folds. We believe this is very clear evidence that the nanophase-
segregated structure develops greatly in the perpendicular direction to the extended 
direction, implying a more developed water phase correspondingly, since the enhanced 
segregation and developed water phase are desirable for transport properties in the 
membrane.    
Transport Properties 
 Perhaps most indicative of the performance of proton exchange membranes is the 
water and proton transport properties. Previous studies have established that water and 
hydronium ion diffusion are enhanced in more nanophase-segregated structures, where 
 30
water molecules approach a bulk water-like structure.[69, 75] Such diffusion 
enhancement of water and hydronium ions is mostly due to the higher phase-segregation 
in membrane and well-developed hydrogen bonding network in water phase. Here, we 
use the mean squared displacement (MSD) of both water and hydronium ion molecules, 
calculated from the last one nanosecond of an equilibrated deformed Nafion structure for 
comparison to the MSD from the undeformed membrane. Th  diffusion coefficients, D, 
are then obtained from the linear region of the MSD using the following limit:   









   (4) 
where r(t) and r(0) are the positions of a water molecule at time t and zero, respectively. 
In this case, the diffusion coefficient is proportinal to the slope of the linear asymptote 
of the MSD plot. The MSD plot for water molecules is shown in Figure 9, and the 
estimated diffusion coefficient of water is presented in Table 3. The vehicular diffusion 
coefficient of hydronium ions is also calculated using the same way used for water 
molecule. The MSD plot for hydronium is shown in Figure 10. The hopping diffusion 
coefficient is calculated using the quantum mechanical energy barrier and transition state 
theory as described our previous works.[20]  
Table 3: Diffusion coefficients (D) of water and hydronium ions 
D (×10-5 cm2/s) 
Simulation Water 
Hydronium  
Vehicular Hopping Total 
Undeformed 0.3699 0.1278 0.2435 0.3713 
Deformed 0.4823 0.1407 0.2376 0.3784 
 
First, the diffusion coefficient of water shows a clear dependency on the 
deformation, which is consistent with the development of nanophase-segregation in the 
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membrane. In other words, the water phases are conne ted more through the deformation, 
which increases the long-range correlation in the mmbrane and thereby the water 

















Figure 9: Mean squared displacement of water in Nafion before and after deformation. 
 
On the other hand, the hydronium ion diffusion does not increase much:  the 
vehicular diffusion coefficient is increased by 10 % while the hopping diffusion 
coefficient is decreased by 2.4 %. Therefore, the overall change is 2 % increase due to the 
deformation. The calculated diffusion coefficients demonstrate qualitative agreement 
regarding the vehicular component of diffusion of water and hydronium ions with 
previous studies.[4, 52]  
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Figure 10: Mean squared displacement of hydronium ions in Nafion before and after deformation. 
Directional Transport Properties  
To confirm whether hydronium diffusion is unaffected by deformation an 
additional 15 ns simulation was performed following the initial equilibration simulation 
for each deformed structure. To account for the effct of the deformation, an anisotropic 
Mean Squared Displacement is calculated, accounting for the six directional components 
along with the isotropic average. Of particular interest are the in-plane and through-plane 
diffusion of water and hydronium. These diffusivities are calculated and averaged for the 
three stretching directions as shown in Table 4. The results of the 15 ns simulation show 
agreement with the initial 5 ns study and the nanophase development indicated by the 
structure factor. The diffusivity of water improves significantly in the direction 
perpendicular to drawing, while showing little change in the parallel direction. The effect 
of deformation on hydronium transport remains inconclusive. Similar to the original 
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simulation, the vehicular diffusion is enhanced in both the in-plane and through-plane 
directions. However, no significant difference is observed between these two directions. 
 
Table 4: Vehicular directional diffusion coefficients (D) of water and hydronium ions from extended 
MD simulation 
D (×10-5 cm2/s) 
Simulation Water Hydronium  
Undeformed 0.1547 0.0959 
Deformed (in-plane) 0.1536 0.1230 
Deformed (through-plane) 0.2665 0.1023 
 
Currently, our simulation does not fully explain the increase of diffusion observed 
in experiment.[51] Thus, it is suggested to investigate the hydrated membrane using 
large-scale simulation methods such as coarse-grained MD simulation. 
Summary 
 We performed molecular dynamics simulations of hydrated Nafion polymer 
electrolyte membrane to evaluate the effect of uniaxial mechanical deformation on the 
structure and transport properties. All simulations were performed using fully atomistic 
models of hydrated Nafion membranes with 20 wt. % water content at 353 K. The system 
was deformed uniaxially in each of the x, y, and z-irections for 1 ns, and then re-
equilibrated for 5 ns via NPT MD simulations which provided statistical data for analysis.  
 The distribution of sulfonate was analyzed using the PCF of the sulfur-sulfur pair, 
showing a decrease in distance among sulfonate groups via the deformation. The PCF of 
the sulfonate-water pair suggested that sulfonate is more solvated in the deformed 
membrane. It was also discovered from the PCF of the sulfonate-hydronium pair that the 
correlation between sulfonate and hydronium ions becomes stronger without affecting the 
water-water correlation and hydronium-water correlation. Thus, it was concluded that the 
 34
uniaxial deformation induced the structural change in the membrane, especially the 
sulfonate distribution. The other local structures in the membrane such the correlations 
for the hydronium-water pair and the water-water pair as do not seem to undergo 
significant change. 
 The extent of the nanophase-segregation was also invest gated using directional 
structure factor profile. It was found that the long-range correlation was developed in the 
perpendicular direction to the extension through the nanophase-segregation. The 
improved long range correlation implies better continuous water phase throughout the 
membrane, and therefore, advantageous for proton transport. 
 Last, transport properties were assessed by calculating the mean squared 
displacement of both water and hydronium ions. After the deformation, the water 
diffusion was enhanced by 30 % while the hydronium on diffusion was so by only 2 %, 
which is less than the experimental observation. Extended MD simulations also 
confirmed these results.  The diffusivity of water parallel to the draw direction was found 
to show insignificant change while improving in the t rough-plane directions, suggesting 
that transport properties are enhanced in the direction perpendicular to deformation.  For 
further investigation, it is suggested to utilize large-scale simulation methods in order to 
fully elucidate the effect of mechanical deformation f the membrane on the structural 
and transport properties.  
 Previous experimental results report improved PEMFC performance in stretched 
membranes, citing increased power density and reduced methanol permeability. While 
the scope of our simulations cannot capture these full-scale results, the changes observed 
in our deformed membrane, specifically, more nanophase-segregation and water 
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transport, suggest improved PEMFC performance as well. W  do acknowledge that our 
methodology, namely, uniaxial deformation, is not cnducted in the same manner of pre-
stretching and recasting with appropriate solvents as demonstrated experimentally. We 
also cannot comment on the stability of a membrane deformed in this manner. However, 





HYDROCARBON BASED PROTON EXCHANGE MEMBRANES 
 
To address the high cost and performance limitations f Nafion and other 
perfluorinated sulfonic acid ionomers, a number of sulfonated aromatic polymers have 
been synthesized and studied. Molecular dynamics simulations were used to study 
hydrocarbon-based proton exchange membranes systems. Inherently, these systems 
typically do not exhibit the same ionic conductivities as perfluorinated backbone based 
membranes. One strategy to improve the ionic conductivity is to engineer membranes 
with well-connected water channels. To initiate changes in the nanoscale morphology of 
the membrane, the backbone or side chain structures can be modified. A number of 
studies have investigated various backbones including polystyrenes,[76] 
poly(phenylene)s,[47] poly(arylene ether ketone)s,[55, 77-85] poly(arylene ether 
sulfone)s,[45, 55, 81, 83-86] and polyimides[87-89]. Less attention has been dedicated to 
clarifying the effect of side-chains on structure and transport properties. Here, extensive 
study was conducted to investigate the role of superacidic side chain structures on 
aromatic polymer fuel cell membranes. This work was p rt of a broader collaborative 
effort with experimental research groups and expanded upon earlier computational study 
of similar polymer membrane systems. Here, proton-cducting superacidic polymer 
membranes with varying pendant acidic sulfonate moieties were simulated via full-
atomistic molecular dynamics. For comparison with fluoropolymer-based PEMs, one 
representative polymer was selected and subjected to the same deformation procedure 
described earlier in Chapter 3.  
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The work presented here was published partially in Macromolecules.[90] This 
study was performed in collaboration with experimental partners at Rensselaer 
Polytechnic Institute and The Pennsylvania State University. Our collaborator provided 
the experimental results presented here and requested our insight to help explain the 
behavior of the newly synthesized polymers presented. Synthetic details not immediately 
pertinent to this work are included in the appendix. 
 
 
Figure 11: Aromatic polymer backbone and superacidic fluoroalkyl pendants   
 
 
Proton-conducting superacidic polymer membranes with different fluoroalkyl 
sulfonate pendants on an aromatic polymer were synthesized via C–H borylation and 
Suzuki coupling reactions. Variation in chemical struc ures of pendant sulfonates and 
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their effects on membrane properties including water uptake, ion exchange capacity 
(IEC), morphology and proton conductivity were systemically investigated. Chang et al. 
[90] found the membrane containing the short –OCF2SO3H pendant (PSU-S5) showed a 
smaller hydrophilic domain size and lower proton coductivity than those containing the 
longer pendants –OCF2CF2SO3H (PSU-S1) and –SCF2CF2SO3H (PSU-S4) because of 
the short chain’s less favorable aggregation and lower acidity. Sulfone linkage-containing 
fluoroalkyl sulfonate (–SO2CF2CF2SO3H) was found not to be suitable for PEM 
applications as it easily undergoes desulfonation. Polymer membrane with branched 
fluoroalkyl sulfonate pendants (PSU-S6) gave larger ionic domain size, more uniform 
hydrophilic channels, and higher proton conductivity than polymer membrane with linear 
pendant chains (PSU-S1). 
Introduction 
Increasing concerns about the environmental impact of our heavy dependence on 
fossil fuels have motivated research on alternative clean energy technologies. Proton 
exchange membrane (PEM) fuel cells, which are comprised of a cathode, an anode, and a 
PEM, generate electricity cleanly via electrochemical reactions of hydrogen and oxygen, 
and give water as the only byproduct.[91-95] The development of perfluorosulfonic acid 
ionomers, such as Nafion®, has greatly contributed to fuel-cell technologies, and these 
materials are still widely used as the benchmark membrane in fuel cells. Due to its 
perfluorinated polymer structure and superacidic pendant side chain, Nafion possesses 
high proton conductivity as well as good chemical st bility. However, Nafion is still not 
an ideal PEM material, and its drawbacks (e.g., high cost, low operation temperature and 
high methanol crossover) mean that development of altern tive PEMs is needed for 
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successful adoption of fuel cells as reliable energy generators.[96-99] Over the past 
decades, extensive efforts have been devoted to the dev lopment of hydrocarbon-based 
PEMs, and many aryl and alkyl sulfonated polymers have been described.[100-106] In 
general, these sulfonated aromatic polymer PEMs swell excessively on hydration and 
give much lower proton conductivity than Nafion when relative humidity (RH) is 
reduced. If a PEM provides good proton conductivity at high temperature (above 100 °C) 
and low RH, it can bring many desirable advantages to the fuel-cell system, such as high 
electrode reaction kinetics, good tolerance toward carbon monoxide impurity, and 
simplified water management.[98, 103, 107-109] To achieve this, creation of well-
connected hydrophilic channels within PEMs through architectural controls of polymer 
morphology has been pursued over the past decade. For example, several sulfonated 
multi-block copolymers[110-112] and graft polymers[113-116] show significantly higher 
proton conductivities at low RH conditions than conve tional randomly sulfonated 
polymers due to the facilitated proton transport within the hydrophilic channels. 
Previously, our groups suggested strong acidity-driven enhancement of proton 
conductivity as an alternative approach to high performance PEMs. To investigate the 
acidity effect of sulfonates, our collaborators synthesized polystyrenes and polysulfones 
functionalized with fluoroalkyl sulfonate, aryl sulfonate, and alkyl sulfonate pendants and 
compared their membrane performances. Among them fluoroalkyl sulfonated polymers 
demonstrated significantly higher proton conductivities especially at low RH than those 
with less acidic sulfonated polymers.[54, 55] We attributed these observations to the fact 
that that the fluoroalkyl sulfonated groups of superacidic polymers have better proton 
dissociation and the resulting ionic species tend to a tract more water molecules. 
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Morphological differences among polymers functionalized with different sulfonate 
groups were found to be insignificant, supporting the conclusions that proton 
conductivity enhancement of superacid PEMs is not mrphology-driven but is an acidity-
driven effect. Similar improvements in performance of superacidic PEMs have been 
reported by other groups too.[117-122] While there a still different opinions on the 
ideal chemical structure of PEM, we believe fluoroalkyl sulfonate is the best side chain 
structure for a PEM because it can promote proton conductivity at low RH without the 
need to increase ion exchange capacity (IEC), which would induce more water absorption 
and sacrifice the membrane’s mechanical properties. To date, however, there are very 
few examples of hydrocarbon-based superacidic polymers with different structures. To 
begin to fill this important gap in our knowledge of PEM membrane materials, our 
collaborators have now synthesized polysulfones functio alized with different fluoroalkyl 
sulfonated pendants and systematically studied the effects of their structures on proton 
conductivity, water properties and morphology.  
Computational simulations of the superacidic PEMs were performed to 
understand the sulfonated structure–fuel cell membrane property relationships. The study 
sought to establish a relationship between the acidity and chemical structure of several 
ionic pendant groups and the properties of PEMs at the molecular level. Notably, 
attention was given to the dissociation and acidity of the ionic groups and the nanophase-
segregated morphology, as the development of water channels is critical to membrane 
transport properties. Initially, full-atomistic molecular dynamics simulations were 
conducted with water contents of 10 and 20 wt % at 353.15 K. However, due to the wide 
variation in water uptake observed experimentally, additional simulations were carried 
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out reflecting the measured water content. These corre ted systems were used for the 
analyses presented here. 
Computational Models and Methods 
Force Field and Simulation Parameters 
We used the DREIDING force field [23] to describe the intramolecular and 
intermolecular forces in the hydrated polysulfone-based membranes.  The force field is 
the same as previously used to study Nafion,[4] Dendrio ,[16, 20] sulfonated poly(ether 
ether ketone),[8, 12] and sulfonated polystyrene,[54] as well as various molecular 
systems.[57, 58] Water was described using the F3C force field.[59] The force field for 
hydronium ion has been used since it was developed for the simulation study of the 
hydrated Nafion membrane.[4] The force field parameters used are the same as reported 
in their original papers.[23, 59, 60] The form of the potential energy used is: 
Etotal = EvdW + EQ + Ebond + Eangle + Etorsion + Einversion   (11) 
where Etotal, EvdW, EQ, Ebond, Eangle, Etorsion and Einversion are the total, van der Waals, 
electrostatic, bond stretching, angle bending, torsion and inversion energy components, 
respectively. The individual atomic charges were assigned through Mulliken population 
analysis using B3LYP and 6-31G** in Jaguar.[61] The Particle-Particle Particle-Mesh 
(PPPM) method was used to calculate electrostatic interactions.[21]  
 The annealing and equilibration MD simulations were performed using the 
LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) code developed 
by Plimpton at Sandia National Laboratories.[123] The code was used with some 
modifications to integrate our force fields.[4] The equations of motion were integrated 
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using the velocity Verlet algorithm with a time step of 1.0 fs. The Nose-Hoover 
temperature thermostat for the NVT and NPT simulations used a damping relaxation time 
of 0.1 ps and a dimensionless cell mass factor of 1.0. 
Construction and Equilibration of Amorphous Membrane 
 Using a full atomistic simulation method, we investigate the nanophase-
segregated structure and transport properties hydrated polysulfone membranes at 353.15 
K. The simulated hydrated membrane systems consist of four chains of polysulfone 
ionomers and water molecules with 24–37 wt % as summarized in Table 5. The degree of 
polymerization and the degree of sulfonation were set to 40 and 200, respectively. The 
sulfonated units were selected randomly from 40 repeating units in the backbone and all 
of the sulfonic acid groups are assumed to be ionized as assumed in the previous studies. 
 
Table 5: Composition of hydrated PSU membranes and simulation parameters 
Ionomers PSU-S1 PSU-S4 PSU-S5 PSU-S6 
Molecular weight per chain (Daltons) 39362 40642 35362 73682 
Equivalent weight 492 508 442 461 
Dimension of simulation cell (Å) 64.36 64.75 62.39 80.21 
Number of sulfonate groups per chain 80 80 80 160 
Density (g/cm3) at 353.15 K 1.23 1.30 1.26 1.31 
Water content a (wt %) 24 29 29 37 
λ
b 6.8 8.5 7.3 9.6 
a The water content in each simulation was set to the experimental value for the water uptake 
b λ = number of water molecules per sulfonate group 
 
The initial amorphous structures of hydrated polysulfone ionomers were 
constructed using the Amorphous Builder of Cerius2.[124] Since such initial structures of 
polymeric materials may include unstable conformations, they were equilibrated using 
the annealing procedure as used in the previous studie  of Nafion,[4] Dendrion[16, 20] 
and sulfonated poly(ether ether ketone)[11] membranes, which accelerates the attainment 
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of equilibrium by driving the system repeatedly through 5 cycles of thermal annealing 
(between 300 and 600 K) and volume annealing (between d nsities of 0.5 to 1.1 times the 
expected density). This procedure aims to help the system escape from various local 
minima and promote the migration of species required for phase-segregation in 
heterogeneous systems, whose detailed steps are described in the previous publications. 
 
Figure 12: Equilibrated PSU structures (a) PSU-S1, (b) PSU-S4, (c) PSU-S5 and (d) PSU-S6 
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After finishing the annealing cycles, a 100ps NVT MD simulation and a 
subsequent 5 ns NPT MD simulation were performed at 353.15 K to finalize the 
annealing procedure. Then, another 15 ns NPT simulations were performed at 353.15 K 
for data collection. 
Results and Discussion 
Experimental Results of Hydrocarbon Ionomers 
The synthesis and experimental characterization of the PSU polymers presented 
here were performed by the Bae Research Group at RPI and the Hickner Research Group 
at Penn State.[90] 
Table 6 summarizes the membrane properties of the fluoroalkyl sulfonated PSUs. 
The NMR-based IEC values (IECNMR) were estimated from the 1H NMR spectra using 
the integral ratio of the methyl pendant groups of PSU-Sn-Ar and the isopropylidene 
group of the polymer backbone. IECs were also measur d from titration (IECtitr), and 
they matched well with the IECNMR values (1.9–2.2 mequiv/g). Between the two IEC 
measurement methods, IECNMR values would be better reflective of the final polymer 
structure because IECtitr values are sensitive to remaining water content of hygroscopic 
membranes in the dried state. Titration may also not be able to have good access to the 
buried sulfonate groups within the hydrophobic domains. 
 
Table 6: Properties of Fluoroalkyl Sulfonated PSUs and Comparison with Nafion 
 
Sulfonated polymera 





NMR b titr c 
PSU-S1 1.97 1.83 24 6.8 
PSU-S4 1.91 1.96 29 5.8 
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PSU-S5 2.19 1.99 29 7.3 
PSU-S6 2.13 2.23 37 9.6 
Nafion 112  0.86 15 9.7 
a All sulfonated PSUs contain average of 1.9 sulfonic acid groups per repeating unit (190 mol %). b IEC 
calculated from polymer structure based on the integral ratio of 1H NMR spectrum of 3,5-dimethylphenol 
protected sulfonated PSU. c IEC measured by titration. d Water uptake (%) = (Wwet – Wdry)/Wdry, where 
Wdry and Wwet are the weights of dried and wet membranes, respectively. Water uptake of wet membrane 
was measured at 30 °C and 98% RH. e ydration number (i.e., molar ratio of water molecul s per sulfonate 
group) at 98% RH. 
 
Figure 13 shows the humidity-dependent water uptake values and hydration 
numbers (i.e., the number of water molecules per mol SO3H). As shown in Table 6, the 
water uptake values of the PSU membranes generally fol ow the trend of IEC values 
except for PSU-S5. Although PSU-S5 and PSU-S6 have comparable IECNMR, the water 
uptake and hydration number of the former were significantly smaller in comparison to 
the latter. Although all PSU-Sn of Table 6 have superacidic fluoroalkyl sulfonated side 
chains, PSU-S6 had consistently higher water uptake and hydration numbers than other 
sulfonated PSU membranes.  
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Figure 13: Water uptake (a) and hydration number (b) of fluoroalkyl sulfonated PSUs versus relative 
humidity at 30 °C. These measurements were obtained by from experimental measurements 
performed by our collaborators.[90] 
 
In-plane proton conductivities of the sulfonated PSU membranes and Nafion 112 
were measured as a function of RH at 100 °C, and the data are shown in Figure 14. 
Among sulfonated PSU membranes, PSU-S6 gave the highest conductivity over a wide 
range of humidity and showed values even higher than N fion at 50% RH or above. 
Although PSU-S5 has higher IECNMR and greater water uptake than PSU-S1 (2.19 vs 
1.97 mequiv/g and 29 vs 24% for IECNMR and water uptake, respectively), this sample 
had lower proton conductivity than PSU-S1. Noticeably, PSU-S5 gave significantly lower 
conductivity than all other PSU membranes over the entire RH range. This inferior 
performance might be due to the presence of the shorter fluoroalkyl chain (−OCF2−) 
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which has weaker electron-withdrawing ability and, as a result, led to a lower degree of 
dissociation of the sulfonate group. Thus, we can co clude that at least two CF2 groups 
are needed to obtain the desired superacidic functionality of the sulfonate, which has been 
demonstrated computationally by Yeh et al.[125] 
 
 
Figure 14: Proton conductivity of sulfonated PSUs versus relative humidity at 100 °C. These 
measurements were obtained by from experimental measurements performed by our 
collaborators.[90] 
 
PSU-S1 and PSU-S4 have almost the same IECNMR (1.97 vs 1.91 mequiv/g); 
however, the latter polymer absorbed more water and h d higher proton conductivity than 
the former. The only difference in chemical structure between the two polymers is the 
linkage to the fluoroalkyl group: thioether (−SCF2CF2−) for PSU-S4 versus ether 
(−OCF2CF2−) for PSU-S1. Because sulfur atom is larger and has a higher polarizability 
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than oxygen atom, it is possible that PSU-S4 with a thioether linkage might absorb more 
water molecules than PSU-S1 with an ether linkage, giving enhanced proton conductivity. 
Morphology 
The morphology of sulfonated PSU membranes was studied by transmission 
electron microscopy (TEM) and small-angle X-ray scattering (SAXS). For the TEM 
characterization, membranes were stained with lead acetate.[126] Therefore, the dark and 
light areas in the images represent the hydrophilic and hydrophobic domains, respectively 
(Figure 15). All fluoroalkyl sulfonated PSU membranes showed distinct phase separation. 
The hydrophilic domains range from 1 to 3 nm, which are smaller than those of Nafion 
112 (3 to 5 nm). This difference may be due to a combination of less hydrophobic and 
more rigid backbone structure and shorter pendant chains of PSU-Sn compared to those 
of Nafion. Compared to PSU-S1, PSU-S6 with branched pendant chains showed larger 
hydrophilic domains while PSU-S5 with a short tethered chain had smaller hydrophilic 
domains in the TEM images. This trend might be ascribed to the shorter side chains of 
the S5-polymer and its less favorable aggregation behavior of the hydrophilic sulfonate 
head groups. However, it is difficult to draw definite conclusions about overall 
morphological structure from the TEM images because th y give only a small 
representation of the morphology of a limited sample area of the membrane. 
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Figure 15: TEM images of Nafion 112 and superacidic sulfonated PSU membranes.[90] 
 
To complement the localized morphology study of TEM, the average nanoscale 
morphology in bulk of the sulfonated PSU membranes wa studied using SAXS. Because 
the X-ray beam of our in-house SAXS is about 0.4 mm in diameter (defined by the 
second pinhole from the rotating anode), these measur ments reflect averaged 
morphology of the membranes over a relatively large ar a as compared to the TEM 
measurements. Figure 16 shows the SAXS profile for PSU-S1, -S4, -S5, and -S6 in their 
sodium salt form. Both H+ and Na+ forms of the membranes were analyzed but the 
membranes in Na+ form showed a more pronounced pattern of phase separation (i.e., 
peaks in Na+ form were narrower than those in H+ form) and gave higher intensity peaks 
owing to the greater electron density of sodium compared to hydrogen. 
 50
 
Figure 16: SAXS profiles for PSU-S1 (red), PSU-S4 (green), PSU-S5 (orange), PSU-S6 (blue), and 
unfunctionalized PSU (purple) in sodium salt form. Data in the inset are plotted on a logarithmic 
scale.[90] 
 
SAXS data allows the quantitative comparison of the ov rall interdomain spacing 
distance based on the position of the correlation peak, q*. As shown in Figure 16, 
unfunctionalized PSU did not show any sign of phase separation in the q-regions from 
0.5 to 3.4 nm-1, while broad-yet-distinct interdomain correlation peaks were present in all 
functionalized PSU membranes. These phase-separated ionic domains were likely to be 
formed by the self-assembly of fluoroalkyl sulfonated pendant groups along the 
hydrocarbon PSU backbone chain in the bulk membranes. 
 
Table 7: Interdomain Spacing (d) of Sulfonated PSU Membranes 
Polymer a q*b (1/Å) dc (nm) 
PSU-S1 0.24 2.61 
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PSU-S4 0.24 2.61 
PSU-S5 0.24 2.61 
PSU-S6 0.22 2.80 
a Sulfonated polymer in Na+ form. b Value at peak maximum. c Calculated from q* using d = 2πq-1. 
 
As indicated by the solid arrows in the inset of Figure 16, PSU-S6 exhibited a 
distinct peak maximum at a lower q value than any of the other PSU membranes. This 
lower q* value reflects a larger distance between the ionic domains, as calculated from 
the peak maxima using the equation d = 2πq-1 (listed in Table 7). The larger domain 
spacing for the PSU-S6 sample presumably resulted from its bulky and branched 
fluoroalkyl sulfonate group. The larger d-spacing i PSU-S6 (2.80 nm) correlates well 
with the larger size and branched structure of the S6 relative to S1, S4, and S5. 
Furthermore, because PSU-S6 has two sulfonate groups per repeat unit instead of just 
one, it could create greater localized charge density and larger domains with greater d-
spacing, resulting in stronger SAXS scattering contrast upon phase separation. Most 
importantly, these morphology data suggest that PSU-S6 has more uniform ionic channel 
size and a distinct phase separation of hydrophilic domains since its scattering peak is 
narrower and more intense than the other samples. According to the SAXS data in Table 
7, all other functionalized polymers (i.e., PSU-S1, -S4, and -S5) have a shorter and almost 
identical interdomain spacing of 2.61 nm. This is probably because they all have broader 
peaks with lower intensity in the SAXS profile. Although the morphology structures of 
PSU-S1, -S4, and -S5 from TEM analysis are slightly different each other, they all could 
be characterized by a wide distribution of different sizes of interdomain spacing between 
ionic channels. Such a wide distribution of domain s zes is likely to result in the 
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development of “bottleneck” regions in the ionic channels, leading to lower conductivity 
compared to that of PSU-S6. 
Simulation Results of Superacid Polysulfones 
The experimental data above demonstrate differences i  membrane properties but 
offer no mechanistic insight. We investigated the eff ct of acid strength on nanophase-
segregated structure and transport properties using molecular dynamics simulations. We 
elected to simulate all four of the synthesized polymers, PSU-S1, -S4, -S5, and -S6. 
Despite the identical backbone structure, the higher concentration of sulfonic groups and 
bulkier pendant group in the PSU-S6 system required special attention. Results obtained 
at 20 wt % hydration conditions were consistent with experimental observations only for 
PSU-S1, -S4, and -S5. For accurate comparison with PSU-S6, all of the membranes were 
re-simulated with a water content matching the experimental water uptake. We believe 
that a comparison of the simulated properties provides a theoretical understanding of the 
effect of acidity on structure and transport properties in proton exchange membranes.  
We investigated the nano-scale structures of PSU-S1, P U-S4, PSU-S5 and PSU-
S6 using full-atomistic molecular dynamics (MD) simulation method, which was used in 
our previous studies of sulfonated poly (arylene ether sulfone)[55] and other 
polymers.[54, 127-132] To understand the effect of the pendant superacidic groups, a 
polysulfone backbone with the same degree of sulfonati  (200 mol%) was selected. The 
materials and simulation parameters are listed in Table 5. The water contents of the 
simulated polymer system were set to be the same as the experimental water uptakes of 
Table 6 to mimic the experimental conditions of hydrated membranes. 
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Structure Factor Profile Analysis  
To quantitatively analyze the effect of sulfonate head group on the nanophase-
segregated morphology of the materials, we calculated the structure factor, S(q), as used 
in previous studies of hydrated polymer membranes.38-40 S(q) is defined as: 
( ) ( )( ) 32 /exp Li
i jr r
ji
ij∑∑ −⋅= ξξξrqqS   (8) 
where the angular bracket denotes a thermal statistic l average, iξ  represents a local 
density contrast, )( jB
j
A φφ − , q is the scattering vector and ijr is the vector between the sites i 
and j. While SAXS and SANS experiments rely on scattering length density contrast, the 
structure factor is calculated from an artificial density contrast as follows. The local 
density variables are jAφ  and 
j
Bφ : where 
j
Aφ  is equal to 1 if the site j is occupied by a 
hydrophilic entity such as water or sulfonate group and equal to 0 otherwise, and jBφ  is 
equal to 1 if the site is occupied by hydrophobic entities such as the polysulfone 
backbone or equal to zero otherwise. The quantity S(q) is spherically averaged as 
follows: 
( ) ( )∑ ∑=
q q
qS 1/qS  (9) 
with q = (2π/L)n, where n = 1,2,3,··· denotes that, for a given n, a spherical shell is taken 
as n–1/2≤ qL/2π≤ n+1/2. 
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Figure 17: Structure factor profiles calculated from PSU- S1 (red), PSU- S4 (brown), PSU- S5 
(green), and PSU- S6 (blue) with experimental water uptake. The interdomain spacings calculated 
from qmax are 2.4 nm, 2.5 nm, 2.3 nm and 3.5 nm for PSU-S1, PSU-S4, PSU-S5, and PSU-S6, 
respectively. 
 
The simulated structure factor profiles in Figure 17 show that the calculated 
interdomain spacing d are 2.4 nm, 2.5 nm, 2.3 nm and 3.5 nm for PSU-S1, P U-S4, PSU-
S5, and PSU-S6, respectively. These values are calculated from the qmax = 2π/d. Although 
our simulated d values are slightly smaller than those measured from the SAXS 
experiments (Figure 16 and Figure 17), both data present a consistent conclusion: PSU-
S1, PSU-S4, and PSU-S5 have similar d values and PSU-S6 has a significantly larger d
value than those of the mono-sulfonated PSUs. Due to the difference in electron-
withdrawing ability of the pendant groups (–CF2 2– vs. –CF2–), more acidic PSU-S1 
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and PSU-S4 can form better-developed nanophase-segregation with a larger d spacing 
than less acidic PSU-S5. 
Another point to note is the unique nanophase-segregation behavior of PSU-S6, 
which has the largest d spacing in both SAXS and simulation. Considering the acidity of 
sulfonate in PSU-S6 will be similar to that in PSU-S1, the highest proton conductivity and 
the largest d spacing of the former suggest that the branched sulfonate side chain of PSU-
S6 can generate better developed water channel compared to the rest of the mono-
sulfonated polymer membranes in this study. 
Dissociation of Sulfonate Groups  
The proton dissociation from sulfonate group can be int rpreted as a measure of 
the acidity strength in hydrated polymer membrane. Thus, in order to investigate the 
extent of proton dissociation from each sulfonate group, we calculated the pair 
correlations of sulfonate-hydronium pair, ρgS-O (hydronium). The definition of pair correlation 
function, gA-B(r), is the probability density of finding B atoms at  distance r from A 
atoms averaged over the equilibrium trajectory as shown in equation 1: 














  (1) 
where nB is the number of B particles located at a distance r in a shell of thickness ∆r 
from particle A, NB is the number of B particles in the system, and V is the total volume 
of the system. 
 The pair correlation for the sulfonate-hydronium pair in Figure 18 indicates the 
effect of acidity on local structure. The more acidic PSU-S6 can more readily dissociate 
and has the lowest pair intensity. 
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Figure 18: Calculated pair correlation functions of sulfonate–hydronium ion in PSU-S1 (red), PSU-
S4 (brown), PSU-S5 (green), and PSU-S6 (blue).  Water content was set to match experimental water 
uptake. 
 
The ρgS-O (hydronium) data in Figure 18 showed that PSU-S1 and PSU-S4 have a similar 
sulfonate-hydronium correlation while PSU-S5 and PSU-S6 have the most and the least 
correlations, respectively. These simulation results agree well with our structure factor 
profiles and SAXS data which indicate that the order of nanophase-segregation is PSU-S6 
> PSU-S1 ≈ PSU-S4 > PSU-S5. The least electron-withdrawing –CF2– group seems to 
impart the lower acidity, more tightly bound water molecules and less developed 
nanophase segregated structures for PSU-S5 than other sulfonated PSUs in this study. 
Overall, we found the acidity difference in a series of superacidic PSU-Sn membranes is 




Transport Properties  
 As previously described, the diffusivity can be calculated from the slope of the 
MSD obtained from MD simulation. The following equation is used to calculate the 
diffusivity. 









 (4)  
where r(t) and r(0) are the positions of a water molecule at time t and zero, respectively. 
The calculated diffusion coefficients only represent the vehicular diffusion of water and 
hydronium. The classical MD simulations performed do not account for secondary 
mechanisms of transport, including proton hopping for hydronium. The vehicular 
diffusivities of water and hydronium are shown in Table 8. 
Table 8. Vehicular diffusion of equilibrated PSU-based membranes with experimental levels of 
hydration 
D (×10-5 cm2/s) 
 Water Hydronium 
PSU-S1 0.0913 0.0094 
PSU-S4 0.1363 0.0252 
PSU-S5 0.0889 0.0132 
PSU-S6 0.2237 0.0402 
 
The calculated diffusivities show a clear agreement with the observed experimental 
results and calculated nano-phase segregation. For water, the diffusion coefficient 
ordering is PSU-S6 > PSU-S4 > PSU-S1 > PSU-S5. This trend is slightly different for 
hydronium, with the rankings as follows:  PSU-S6 > PSU-S4 > PSU-S5 > PSU-S1. 




Following the publication of this work, additional simulations were conducted to 
investigate the effect of mechanical deformation on hydrocarbon-based PEMs. For 
comparison with fluoropolymer-based PEMs, one representative polymer was selected 
and subjected to the same simulation procedure describ d earlier in Chapter 3. PSU-S1 
was selected for comparison with Nafion. For direct comparison, a level of hydration of 
20 wt % was used for both systems. The PSU-S1 similarly showed little change in the 
local structure following deformation. However, the anisotropic structure factor Figure 
19) shows a similar trend as observed in Nafion. The intensity is shown to decrease 
following deformation, with no apparent peak at themain position of q = 1. 5 [LÅ]-1 in 
the direction parallel to extension. In directions perpendicular to stretching, the intensity 
of the calculated structure factor is nearly the same s for undeformed PSU-S. We believe 
this is very clear evidence that the nanophase-segregated structure develops greatly in the 
perpendicular direction to the extended direction, mplying a more developed water phase 
correspondingly, since the enhanced segregation and developed water phase are desirable 
for transport properties in the membrane. Still, a direct comparison to Nafion is necessary 
to determine how deformed PSU-S1 would perform in a PEM. 
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Figure 19: Structure factor profile for PSU-S with 20 wt % water content. 
 
The calculated vehicular diffusivities of water and hydronium for undeformed and 
deformed Nafion and PSU-S1 following 5 ns of equilibrium MD are shown in Table 9. 
The overall diffusivities are shown to improve for both Nafion and PSU-S1 following 
deformation. Similarly, the water diffusivities are shown to be lower in the direction 
parallel to drawing compared to the perpendicular directions. This further supports the 
hypothesis that conductivity is improved through-plane in deformed polymer membranes. 
Table 9. Vehicular diffusion coefficients (D) of water and hydronium ions 
D (×10-5 cm2/s) 
Simulation Water Hydronium 
Total Def Perp. Def Ext. Total Def Perp. Def Ext. 
Undeformed Nafion 0.3699 0.1911 0.1726 0.1278 0.0692 0.0534 
Deformed Nafion 0.5592 0.2909 0.2570 0.1506 0.0737 0.0785 
Undeformed PSU-S 0.0913 0.0462 0.0446 0.0094 0.0038 0.0064 




We have studied a series of superacidic polymers containing different fluoroalkyl 
sulfonate groups and systematically investigated th structural influence of sulfonic acid 
pendant (e.g., side chain length, linear vs. branched structure, ether vs. thioether linkage) 
on PEM properties (e.g., water uptake, IEC, proton c ductivity, and morphology). The 
membrane containing short –OCF2SO3H pendant showed smaller hydrophilic domain 
size and lower proton conductivity than the membrane containing –OCF2CF2SO3H 
because of its less favorable aggregation of sulfonate groups and lower acidity. Sulfone 
(–SO2–) linkage-containing fluoroalkyl sulfonate is not suitable for PEM applications 
because it easily undergoes desulfonation. The polymer membrane with –SCF2CF2SO3H 
pendant chains (PSU-S4) absorbed more water and showed enhanced proton conductivity 
than the polymer with –OCF2CF2SO3H chains (PSU-S1), possibility due to higher 
polarizability of sulfur than oxygen. In contrast to unfunctionalized polysulfone, all 
sulfonated polymers exhibit ordering peaks from theaggregation of ionic domains. 
Among them, the polymer with branched sulfonate sidechain structure (PSU-S6) 
produced larger interdomain size and more distinct phase separation behavior compared 
to other linear fluoroalkyl sulfonated polymers. These results suggest that not only the 
superacidity of fluoroalkyl sulfonic acid but also the shape of sulfonate groups (e.g., 
linear vs. branched side chains) can play a significant role in determining proton 
conduction in fuel cell membrane. This present work significantly broadens the scope of 
hydrocarbon-based superacidic polymers as alternative PEM of Nafion, and the structure-
properties study of sulfonic acid pendants can be an important guide for the future PEM 
and ionomer development for fuel cell technology. 
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CHAPTER 5 
ANION EXCHANGE MEMBRANES 
 
Polymer electrolyte membrane fuel cells, especially proton exchange membrane 
(PEM) fuel cells have been extensively studied to harness hydrogen as an alternative to 
fossil fuels, for applications such as automobiles.[44-49] However, the high cost in the 
production of PEM fuel cells has remained as a drawback to their commercialization, due 
to costs of the membrane, bipolar plates, assembly, and the use of precious noble metal 
catalysts such as platinum. In this context, anion exchange membrane (AEM) fuel cells 
have received significant attention since AEM can in principle allow the use of a non-
platinum metal catalyst, such as nickel, in an alkaline environment. Consequently, the 
cost of AEM fuel cells in high volume is projected to be substantially lower compared to 
PEM fuel cells. PEM fuel cells have a history of achieving up to 70% electrical efficiency 
in NASA’s Project Gemini in the 1960s,[133] which is due to the improved kinetics for 
oxygen reduction and fuel electro-oxidation in alkaline environment.[134-137] 
Subsequently, alkaline fuel cells were used in Apollo-series missions. The switch from 
membrane fuel cells was made to address the poor stability of the polymer electrolyte 
membrane. In addition, since the electro-osmotic drag force generated by the anion 
transport occurs in the opposite direction to the crossover of aqueous fuel, the fuel waste 
and related voltage reduction can be overcome. Therefore, AEM fuel cells are more 
robust to fuel and catalyst source.   
We hypothesize that the ionic conduction through AEM strongly depends on the 
formation of water channels because the hydroxide anion (OH-) is transferrable through 
such water channels. In order to achieve an enhanced ionic conduction, therefore, a three-
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dimensional network of water channels in the polymer el ctrolyte membrane should be 
formed as a prerequisite. Besides, regarding the transport of OH- through such water 
channels, it has been expected that the OH- diffusion in AEM occurs via similar 
mechanisms to the proton (H+) diffusion in PEM. Although the diffusion of H+ and OH- 
in bulk water has been well discussed and summarized by Tuckerman and his co-
workers,[138, 139] to our knowledge, the nanophase-segregated structure and the 
corresponding OH- transport in AEM system have not been investigated thoroughly 
either by experiment or by simulation.  
In this context, molecular dynamics (MD) simulation techniques have provided 
detailed information on the ionic transport, especially the proton transport through the 
PEM system. In previous studies, our group has used MD simulations to characterize 
various PEMs, such as Nafion,[4] Dendrion,[20] S-PEEK,[12] sulfonated 
polystyrene,[11] sulfonated sulfone,[55] mainly focusing on the relationship between 
nanophase-segregation and transport properties. The lesson from these studies is that the 
proton conduction is enhanced as a function of the nanophase-segregation because the 
key requirements for high proton conduction, such as the well-connected water channels 
and tight hydrogen-bonding network, are developed more through the nanophase-
segregation. 
Polysulfone-Based Anion Exchange Membrane  
In this study, we investigated two types of polysulfone-based membranes 
(quaternary ammonium-functionalized anion exchange membrane and sulfonated proton 
exchange membrane) using molecular dynamics simulations o compare their nanophase-
segregated structures and transport properties. We performed full-atomistic MD 
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simulations to elucidate the relationship between the nanophase-segregated structure and 
transport properties in quaternary ammonium-functioalized polysulfone-based AEM 
(PSU-A, Figure 20a). In order to objectively analyze the difference between AEM and 
PEM, we also simulated sulfonated polysulfone-based PEM (PSU-S, Figure 20b) as a 
counter system in which we used the same simulation conditions, such as molecular 
weight, degree of polymerization, degree of functionalization, equivalent weight, and 
extent of hydration (water content), listed in Table 10. Following the equilibrium MD 
simulation of each polymer membrane, the systems were then deformed following the 
same stretching procedure described in in Chapter 3 for Nafion. Here, we aim to 
understand how deformation affects the phase-segregated morphology both along and 
perpendicular to the direction of stretching. This ultimately provides a more complete 
picture of the structure-property relationships in PSU-based membranes. 
We found that although the distribution of ionic groups on the polymer backbone 
is similar for both types, the quaternary ammonium groups and hydroxide ions in the 
anion exchange membrane were more solvated by water compared to the sulfonate 
groups and hydronium ions in the proton exchange membrane.[6] Correspondingly, better 
solvation of the ammonium groups and hydroxide ions led to a less matured hydrogen-
bonding network in the water phase, especially at low water content condition. Through 
analyzing the nanophase-segregation of the membranes, a similar characteristic 
correlation length was found for both membranes, whereas the concentration contrast 
between the polymer domain and water phase was moredistinct in the anion exchange 
membrane compared to the proton exchange membrane. Within such nanophase-
segregated structures, it was found that the diffusion of hydroxide is ~ 6 % and ~ 11 % of 
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that of hydronium at 10 wt % and 20 wt % of water content, respectively, which might be 
due to the strong correlation at ~ 4 Å among the hydroxide in the anion exchange 
membrane. Uniaxial stretching of both the proton and anion exchange membranes 
confirmed the same trends as Nafion, where the undeform d model showed the strongest 
peak indicating a higher degree of phase segregation. The intensity is similarly decreased 
after the deformation, especially in the direction of stretching.  
 
 
Figure 20: Chemical Structures of model polymers: (a) quaternary-ammonized polysulfone, PSU-A, 
and (b) sulfonated polysulfone, PSU-S. 
 
Computational Models and Methods 
All simulations were carried out using full-atomistic models of PSU-A and PSU-S 
with 10 wt % and 20 wt % of water content. The compsitions of the PSU-A and PSU-S 
systems are summarized in Table 10. 
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Molecular weight 23286 23484 
Equivalent weight (daltons) 582 587 
Degree of polymerization 30 30 
Number of quaternary ammonium 40/chain 0 
Number of sulfonate 0 40/chain 
Water content (wt %) 10 20 10 20 
Number of water 
molecule/ammonium (λN) 
3.6 8.1 0 0 
Number of water 
molecule/sulfonates (λS) 
0 0 3.7 8.2 









Force Field and Simulation Parameters 
For this study, we used DREIDING[23] force field as previously used to study 
Nafion, and Dendrion as well as various molecular systems such as hydrogel,[57, 140-
144] liquid-liquid and liquid-air interfaces[58, 145] and molecular self-
assembly.[146]The water was described using the F3C force field.[59] These force field 
parameters were reported in the original papers[23], 59, 60]and in our previous study on 
hydrated Nafion.  Thus the force field has the form: 
inversiontorsionanglebondQvdWtotal EEEEEEE +++++=  (11) 
where Etotal, EvdW, EQ, Ebond, Eangle, Etorsion and Einversion are total energies, van der Waals, 
electrostatic, bond stretching, angle bending, torsion and inversion components, 
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respectively. The individual atomic charges were assigned through the Mulliken 
population analysis using B3LYP and 6-31G** in Jagur.[61] The Particle-Particle 
Particle-Mesh (PPPM) method[21] was used to calculate the electrostatic interactions. 
Molecular Dynamics Simulation 
All the MD simulations were performed using the MD code LAMMPS (Large-
scale Atomic/Molecular Massively Parallel Simulator)[123] from Sandia National 
Laboratories with modifications to handle our force fields.[4] The equations of motion 
were integrated using the velocity Verlet algorithm[147] with a time step of 1.0 fs. The 
Nose-Hoover temperature thermostat[64, 65] for the NVT and NPT MD simulations used 
a damping relaxation time of 0.1 ps and a dimensionless cell mass factor of 1.0. To 
simulate OH-, we developed a force field using the Hessian-biased ingular value 
decomposition (HBSVD) method[148, 149] as summarized in Table 11 to reproduce the 
quantum mechanical vibrational frequency (3600.49 cm-1) calculated using B3LYP and 
6-311G**++ in Jaguar. The van der Waals, electrostatic, nd bond energies described in 
equation 11 are calculated individually as described y equations 12, 13, and 14, 
respectively, in the original DREIDING paper.[23] The van der Waals non-bonded 
interactions (equation 12) are the Lennard-Jones 12-6 type expression. Here, D0 is the 
van der Waals well depth and R0 is the van der Waals bond length. Electrostatic 
interactions (equation 13) are calculated for non-bded atoms. Interactions between 
bonded atoms or atoms involved in angle terms are assumed to be contained the bond and 










































0637322     (13) 
( ) ( )202
1
RRKRE bbond −=     (14) 
 
 





O (O_OH) R0 3.5532 D0 0.1848 
EQ 
QH_OH 0.1135 QO_OH -1.1135  
(QH_H3O 0.4606) (QO_H3O -0.3819)  
Ebond O_OH – H_OH R0 0.9665 Kb
d 1042.3896 
a Qi and Qj are atomic charge of atom i and j, respectively. ε = 1.   
b Å for R0. 
c kcal/mol for D0. 
d kcal/mol/Å2 for Kb.  
 
Construction of Amorphous Membrane 
We built hydrated PSU-A membranes consisting of four chains with 10 wt % and 
20 wt % of water content (Table 10). The degree of p lymerization, the molecular 
weight, and the equivalent weight of the PSU-A chain re 30, 20969 daltons, and 524 
[units], respectively. We also built hydrated PSU-S membranes using approximately the 
same values for those simulation variables with thePSU-A membrane for direct 
comparison (Table 10). The only difference between PSU-A and PSU-S is the ionic 
group attached onto the polymer chain: ammonium for PSU-A and sulfonate for PSU-S. 
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Therefore, we can directly investigate the effect of such ionic groups on the nanophase-
segregation and transport properties.  
The initial amorphous structures of hydrated PSU-A and PSU-S systems were 
constructed in a three dimensional periodic cell using the Amorphous Builder of Cerius2. 
Since such initial structures of polymeric materials may include unstable conformations, 
the AEM and PEM are equilibrated using the annealing procedure, which accelerates the 
attainment of equilibrium by helping the system escape from various local minima and 
promote the migration of species for phase-segregation. After finishing the annealing 
procedure, a 100ps NVT MD simulation and a subsequent 500ps NPT MD simulation 
were performed at 353.15 K.  Then, 100 ns NPT MD simulations were performed at the 
same temperature, from which the last 50 ns parts were used for the statistical analyses of 
properties. The equilibrated structures are presentd i  Figure 21.  
Following the equilibration simulations, uniaxial deformation was applied up to 
300 % strain at T=353.15 K for 1 ns, indicating that the strain was applied uniformly 
across the simulation box with the constant strain rate of 0.000186 Å/fs, and 
correspondingly the atomic coordinates were rescaled to the new box dimensions at each 
time step. This procedure was employed for the uniaxial deformation in z-axis direction. 
As the strain of 300 % was used in the initial simulations of Nafion and PSU-S, we also 
employed the same strain for comparison. Following the 1 ns deformation simulation, 
each system was allowed to equilibrate for 5 ns via NPT. 
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Figure 21: Nanophase-segregated structures of hydrated PSU-A (a) and PSU-S (b) membranes at 
353.15 K with 20 wt % of water content.  Equilibrated structures are shown before the deformation. 
The oxygen (red) represents the oxygen atoms belongi  to water molecules. 
 
Results and Discussion 
Nanophase-Segregated Structures 
Distribution of Quaternary Ammonium Groups 
Water channel formation through the anion exchange membrane is a key factor 
for understanding the structure and properties of the AEM. In this study, we focus on the 
hydrophilic quaternary ammonium groups of the polymer as the main factor in 
determining the nanophase-segregation because the water molecules gather around such 
hydrophilic groups. To investigate the spatial distribution of the ammonium groups, the 
pair correlation function (PCF) is calculated by equation (1), representing the probability 



















rg BBBA /4 2π
  (1) 
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where nB is the number of atom B located at the distance r in a shell of thickness ∆r from 
atom A, NB is the number of B particles in the system, and V is the total volume of the 
system. For direct comparison, the number density (ρb) of atom B in a unit cell system, 
the number of B atoms divided by the total volume of the unit cell, is multiplied by 
( )rg BA− .  
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Figure 22: Pair correlation function of (a) nitrogen-nitrogen,   in the hydrated anion exchange 
membranes and (b) sulfur-sulfur,   in the hydrated proton exchange membranes. 
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The PCF of the quaternary ammonium pair ( ( )rg NN− ) for PSU-A is shown in 
Figure 22a. First, it is clearly observed that the PCF has two peaks for both water 
contents whose peak positions are shifted outwards with increasing water content: the 
first peak moves from 6.4 Å to 6.9 Å and the second peak increases from 8.4 Å to 9.1 Å. 
This shift means that the distance between ammonium groups is increased as the 
membrane is hydrated with more water. Such increased separation between hydrophilic 
ionic groups is similarly observed in the PSU-S membrane through the PCF of the 
sulfonate pair ( ( )rg SS− ): the two peaks at 5.0 Å and 6.4 Å merge into one broader peak at 
6.9 Å with increasing water content, indicating that the S-S pairs at ~5.0 Å distance 
become farther apart as a function of water content. Thus, it is clear that the distribution 
of ionic groups attached on the polysulfone backbone depends on the extent of the 
hydration. From our previous study on the hydrated sulfonated PEEK membrane,[8, 130] 
this concentration-dependent distribution of the ionic group was observed. This behavior 
implies that the polymer electrolyte membranes adapt their structures as a function of 
water content. Another difference observed from Figure 22 is that the correlation distance 
between quaternary ammoniums (6.4 Å - 9.0 Å) is greater than that between sulfonates 
(5.0 Å - 6.9 Å), which would be due to the bulky size of quaternary ammonium (-
N(CH3)
+) compared to that of sulfonates (-SO3
-). 
Solvation of Quaternary Ammonium 
To investigate how the quaternary ammonium is solvated by water, the PCF of the 
nitrogen-oxygen (water) pair ( ( )rg waterON )(−ρ ), Figure 23, is analyzed. The first solvation 
shell is observed at 4.6 Å commonly for both 10 wt % and 20 wt % of water content, 
while the second solvation shell is found at 7.0 Å and 7.2 Å for 10 wt % and 20 wt % of 
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water content, respectively. Compared to the PCF of the sulfur-oxygen (water) pair 
( ( )rg waterOS )(−ρ  in Figure 23) with the first peak at 4.0 Å and thesecond peak at 5.4 Å, the 
( )rg waterON )(−ρ  is found at a farther distance, which is also due to the bulky size of the 
quaternary ammonium. Accordingly, the number of water molecules surrounding such a 
bulky quaternary ammonium group should be larger than that surrounding the sulfonate 
groups.  To confirm this, the water coordination number (CN) is calculated by integrating 
the pair correlation function (Figure 23) over the first solvation shell. As presented in 
Table 12, the water CN of the quaternary ammonium groups (CN (N)) in the PSU-A (6.9 
and 11.5 for 10 wt % and 20 wt % of water content, respectively) are almost three times 
larger than that (CN (S)) of the sulfonates in the PSU-S (2.4 and 4.0 for 10 wt % and 20 
wt % of water content, respectively). Thus, it is con luded that more water molecules are 
involved to solvate the quaternary ammonium groups in PSU-A membrane due to its 
bulkiness, in comparison to the sulfonate groups in PSU-A membrane.  
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Figure 23: Pair correlation function of (a) nitrogen-oxygen (water),   in the hydrated anion exchange 
membranes and (b) sulfur-oxygen (water),   in the hydrated proton exchange membranes. 
 
On the other hand, it is noteworthy from Table 12 that the CN (N) is larger than the 
average number of water molecules per ionic group (λN is 3.6 and 8.1 for 10 wt % and 20 
wt % respectively), whereas the CN (S) is smaller than λS (3.7 and 8.2 for 10 wt % and 
20 wt % respectively). Although the value of λ has been used to indicate the hydration 
level of polymer electrolyte membranes, it should be noted that λ is simply an 
arithmetically averaged number of water molecules without reflecting the actual local 
structures around the ionic groups. Hence, from the comparison between CN and λ, we 
can obtain more detailed information about the associati n of the ionic groups with the 
water phase in the membranes. For instance, from the observation that CN (S) is smaller 
than λS, it is inferred that the sulfonate group is solvated at the interface between the 
polymer phase and the water phase. In contrast, the obs rvation that CN (N) is larger than 
λN, indicates that the quaternary ammonium group is located deeper inside of the water 
phase in order to be solvated by more water molecules. Considering that the PSU-A and 
PSU-S membranes have the same water content for comparison, this analysis means that 
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the water phase in the PSU-A membrane would be more perturbed by the ionic groups. 
Consequentially, the hydrogen-bonding network would be interrupted as well. This 
feature will be addressed later with the analysis of the water phase. 
 
Table 12: Coordination Numbers (CNs) for solvation of ionic groups and ions in water 
 PSU-A (AEM) PSU-S (PEM) 
Water Content (wt %) 
N ˗ O (H2O) S ̠  O (H2O) 
CN (N) ra (Å) CN (S) ra (Å) 
10 6.9 6.1 2.4 4.6 
20 11.5 6.1 4.0 4.6 
Water Content (wt %) 
O (OH-) - O (H2O) O (H3O
+) - O (H2O) 
CN (OH-) ra (Å) CN (H3O
+) ra (Å) 
10 4.2 3.1 1.6 3.8 
20 5.2 3.1 3.2 3.8 
ra represents the upper bound for integration, obtained from trough following the solvation shell 
Correlation between Quaternary Ammonium and Hydroxide Anions  
Next, to analyze the correlation of quaternary ammonium groups with hydroxide anions, 
we calculate ( )rg hydroxideON )(−ρ . The correlations, shown in Figure 24, suggest thae 
electrostatic interaction holds a hydroxide ion around the quaternary ammonium at 4.6 Å 
and 4.7 Å for 10 wt % and 20 wt % of water content, respectively. First, it is clear that the 
( )rg hydroxideON )(−ρ  is weakened with increasing water content through solvation. By 
comparing to ( )rg hydroniumOS )(−ρ  of PSU-S in Figure 24 showing the peak at 3.9 Å for both 
10 wt % and 20 wt % of water contents, it is found that ( )rg hydroxideON )(−ρ  is much weaker 
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than ( )rg hydroniumOS )(−ρ  and the extent of the decrease of ( )rg hydroxideON )(−ρ  is more 
significant than that of ( )rg hydroniumOS )(−ρ  as a function of water content. We think this is 
because of the three bulky methyl groups attached on the quaternary ammonium, 
shielding its electrostatic interaction with hydroxide anion. Hence, the hydroxide ions can 
spread out more broadly from the quaternary ammonium group. In contrast, the 
hydronium has strong correlation with sulfonate groups since the oxygen atoms on sulfur 
interact with hydronium directly, such that the distance of the correlation does not depend 
much on the water content. These different correlations for hydroxide and hydronium are 
also reflected in their solvation in water.  
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Figure 24: Pair correlation function of (a) nitrogen-oxygen (hydroxide),   in the hydrated anion 
exchange membranes and (b) sulfur-oxygen (hydronium),   in the hydrated proton exchange 
membranes. 
 
Solvation of Hydroxide Anion 
The relatively weak correlation between quaternary ammonium and hydroxide implies 
that the hydroxide would be well solvated by water. It is indeed confirmed by 
( )rg waterOhydroxideO )()( −ρ  in Figure 25a. Compared to the hydronium-water correlation, 
( )rg waterOhydroniumO )()( −ρ , the stronger intensity of ( )rg waterOhydroxideO )()( −ρ  indicates that the 
hydroxide ions are better solvated in the water phase than the hydronium. For quantitative 
evaluation of this correlation difference, the water CNs of the hydroxide and hydronium 
are calculated as CN (OH-) and CN (H3O
+), respectively. As summarized in Table 12, 
CN (OH-) is 4.2 and 5.2 for 10 wt % and 20 wt % of water content, respectively, while 
CN (H3O
+) is 1.6 and 3.2 for 10 wt % and 20 wt % of water content, respectively, 
showing that the number of water molecules surrounding the hydroxide is larger than that 
surrounding the hydronium by ~260 % and ~140 % for 10 wt % and 20 wt % of water 
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content, respectively. These coordination numbers are consistent with reported values of 
6 and 3 for hydroxide and hydronium in bulk water, r spectively.[150, 151] Considering 
that the hydroxide and hydronium have the same amount f charge with opposite signs, 
however, a question would be raised about the reason for the better solvation of the 
hydroxide in comparison to the hydronium. We think that this would be due to the 
smaller size of the hydroxide with higher charge density, which leads to easier 
accommodation in water phase. This is also consistently confirmed by the DFT solvation 
energy calculation using the Poisson-Boltzmann model with B3LYP/6-31G**: -112.37 
kcal/mol for OH- and -99.08 kcal/mol for H3O
+. Therefore, the better dissociation of the 
hydroxide from the ammonium group (Figure 24) can be explained by the better 
solvation of the hydroxide. Another point we should note is the effective size of the 
OHOH 2−
−  cluster. Since −OH  is surrounded by more water molecules than +OH3 , the 
effective size of the OHOH 2−
−  cluster is larger than that of the OHOH 23 −
+  cluster, 
implying that the transport of −OH  would be less than that of +OH3 . 
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Figure 25: Pair correlation function of (a) oxygen (hydroxide)-oxygen (water),   in the hydrated anion 
exchange membranes and (b) oxygen (hydronium)-oxygen (water),   in the hydrated proton exchange 
membranes. 
 
Internal Structure in Water Phase  
From extensive studies on the proton transport through the water phase in 
polymer membranes,[152-157] a general consensus has been established, stating that the 
proton diffusion rate in bulk water is approximately four to eight times larger than that in 
the hydrated membrane. As pointed out by Kreuer,[152  154] such an observation is 
attributed to the internal structure of the water phase, especially the hydrogen bonding 
network that aids efficient proton hopping. In contras  to the bulk water phase, the water 
phase in hydrated membranes has a relatively less developed hydrogen bonding network. 
Thus, a more developed internal water phase is essential to facilitating proton transport in 
the hydrated polymer membrane.   
In order to analyze the internal structure in the water phase, we calculated 
( )rg waterOwaterO )()( −ρ  for PSU-A and PSU-S membranes as shown in Figure 26. It is clearly 
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observed that the two ( )rg waterOwaterO )()( −ρ  are nearly the same for both systems at 20 wt % 
of water content, whereas, at 10 wt % of water content, the first solvation shell (from r = 
2.6 to 4.1 Å) of the water in PSU-A is much less matured than that in PSU-S.  These 
results indicate that the development of the internal structure of the water phase would be 
deterred by better solvation of OH- at low water content conditions. 
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Figure 26: Pair correlation function of (a) oxygen (water)-oxygen (water),   in the hydrated anion 





Then, the next question would be how to attain more organized internal structures 
in the water phase of the PSU-A membrane. So far, we have reported that the internal 
structure in the water phase is determined by the nanophase-segregation in the polymer 
membranes with a given acidity.[8, 55, 85, 127-130] As the polymer membrane has a 
greater extent of nanophase-segregation between the hydrophobic polymer domain and 
the water phase, more water molecules can gather tog ther, which results in a more 
developed hydrogen bonding network in the water phase. We have also reported that such 
a well-developed water phase facilitates better ionic transport. Therefore, we analyze the 
nanophase-segregation in PSU-A and PSU-S for comparison. 
Extent of Nanophase-Segregation  
Considering that the water phase is formed through nanophase-segregation 
between hydrophobic polymer backbones and hydrophilic pendant groups in the presence 
of water molecules, the difference in nanophase-segregation for PSU-A and PSU-S is the 
consequence of the different ionic groups (ammonium vs. sulfonate) because all other 
molecular variables are the same. To characterize the xtent of nanophase-segregation of 
PSU-A and PSU-S membranes, we calculate the structure factor, ( )qS  at each water 
content, which corresponds to the small angle scattering experiments (SAXS and SANS). 
This structure factor, ( )qS  has been used to understand various systems such as 
copolymer systems[158] and polymer blend systems[42] as well as hydrated polymer 
membranes[8, 127-129] It is defined as follows: 
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( ) ( )( ) 32 L/iexp
i jr r
ji
ij∑∑ −⋅= ξξξrqqS     (8) 
where the angular bracket denotes a thermal statistic l average, iξ  represents a local 
density contrast, )( jB
j
A φφ − , q is the scattering vector and ijr  is the vector between the 
sites i and j.  While SAXS and SANS experiments measure the electron-density contrast 
and deuterium-density contrast respectively, our structure factor is calculated from an 
artificial density contrast as follows. The local density variables are jAφ  and 
j
Bφ : jAφ  is 
equal to 1 if the site j is occupied by a hydrophilic entity such as water or a sulfonate 
group and equal to 0 otherwise, and jBφ  is equal to 1 if the site is occupied by 
hydrophobic entities such as the polysulfone backbone r equal to zero otherwise. The 
quantity S(q) is spherically averaged as follows: 
( ) ( )∑ ∑=
q q
qS 1/qS        (9) 
with ( )nL/q π2= , where L 3, 2, 1,n=  denotes that, for a given , a spherical shell is 
taken as 21  2  21 /n/qL/n +≤≤− π . Our previous studies for the hydrated Nafion 
membrane[127] led to a characteristic dimension of anophase-segregation of 30 Å - 50 
Å and similar studies for the hydrated Dendrion membrane[128, 129] and sulfonated 



































Figure 27: Structure factor profile for (a) PSU-A and (b) PSU-S 
 
The structure factor profiles calculated from the hydrated PSU-A and PSU-S are 
presented in Figure 27. At 10 wt % of water content, it is commonly observed that both 
PSU-A and PSU-S have a peak at q = ~ 0.3 Å-1, corresponding to ~ 20 Å, with nearly the 
same intensity of ( )qS , meaning that the extent of nanophase-segregation is very similar.  
As the number of water molecules increases, this characteristic correlation length 
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increases accordingly: the position of the main peak is shifted to q = 0.24 Å-1 
corresponding to ~ 26 Å at 20 wt % of water content. This result indicates that the 
dimension of the water domain in PSU-A and PSU-S is increased to almost the same 
extent. It is understandable because the backbones and number of functional groups for 
PSU-A and PSU-S are exactly the same, so that the nanophase-segregation with respect 
to water molecules should be almost identical.  However, it is noted from Figure 27a and 
Figure 27b that the intensity of ( )qS  from PSU-A is much larger than that from PSU-S. 
Considering such intensity of ( )qS  depends on the concentration contrast between the 
hydrophobic polymer domain and water phase, the stronger intensity in PSU-A than in 
PSU-S means that the water phase in PSU-A is more concentrated than that in PSU-S, 
which seems consistent with the results shown in Figure 23, and Figure 25. The 
quaternary ammonium is surrounded by more water molecules compared to the 
sulfonates (Figure 23), and those water molecules solvate the hydroxide ions better than 
the hydronium ions (Figure 25). Reports have suggested lower segregation strength from 
the polymer backbone to sulfonic groups.[45] However, phase segregation is largely 
influenced by the composition of the polymer backbone. Owing to the fact that both 
PSU-A and PSU-S have the same backbone, only differentiated by the sulfonate or 
quaternary ammonium group, and studied under the same levels of hydration, the similar 
phase segregation among the systems is unsurprising. Therefore, it is conclusive that the 
dimensions of the water phase in PSU-A and PSU-S are nearly the same, while the 
concentration of water in PSU-A is higher than that in PSU-S.  
Transport Properties 
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There have been many studies on ion transport in nanostructures of ionomer 
membranes via experiments[154, 159, 160] and simulations.[8, 127-130] These studies 
have consistently proven that the diffusion of water nd hydronium are enhanced in more 
nanophase-segregated structures. This enhancement is because the water molecules form 
a more bulk water-like structure in the phase-segregated morphology. In the resulting 
well-developed hydrogen-bonding network, moving water molecules do not undergo 
significant energy change during their displacement. The mean square displacement 
(MSD) of molecules, such as water, hydroxide and hyronium, are calculated from the 
final 50ns of the simulation trajectories, and the diffusion coefficients, D, are obtained 
from the linear part of the MSD by the following equation: 









  (4) 
where r(t) and r(0) are the positions of a water molecule at time t and zero, respectively. 
The calculated diffusion coefficients only represent the vehicular diffusion of water, 
hydronium, and hydroxide. The classical MD simulations performed do not account for 
secondary mechanisms of transport, including proton hopping for hydronium or 
hydroxide. It is noted from Table 13 that the diffusion of water in PSU-A is ~7 % and 
~40 % of that in PSU-S at 10 wt % and 20 wt % of water content, respectively, while the 
diffusion of hydroxide in PSU-A is ~ 6 % and ~11 % of the diffusion of hydronium in 
PSU-S at 10 wt % and 20 wt % of water content, respectively. We note that these values 
are lower than those calculated from previous simulations of Nafion. (~1.0 × 10-5 
cm2/s)[4, 43] This is consistent with the observation that polysulfone-based PEMs exhibit 
lower diffusivities in comparison to Nafion.[85] These values are also significantly lower 
than the translational diffusion coefficients in bulk water. (~6 × 10-5 cm2/s)[20] 
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Table 13: Diffusion coefficients (D) for PSU-A and PSU-S at 353.15 K 
 D (×10-5 cm2/s) 
Water Content 
Water  Hydroxidea Hydronium a 
PSU-A PSU-S  PSU-A PSU-S 
10 wt % 0.005702 0.07771  0.0001636 0.002856 
20 wt % 0.073800 0.18810  0.0037050 0.033100 
a The diffusion coefficient for hydroxide and hydronium is calculated from the vehicular mechanism. 
 
What we understand from our previous studies is that the molecular diffusion is 
enhanced more with increased nanophase-segregation. At first glance, therefore, our 
simulation results in this study seem to be contradictory to our understanding since the 
molecular diffusion of water and ions are lower in PSU-A in comparison to PSU-S, 
despite its more developed nanophase-segregation, especially at 20 wt % of water content 
as shown in Figure 27. We think a clue might be found in the solvation of −OH . As 
discussed above, −OH is solvated better than +OH3 , which results in a larger solvation 

































































Figure 28: Pair correlation function of (a) oxygen (hydroxide)-oxygen (hydroxide),   in the hydrated 
anion exchange membranes and (b) oxygen (hydronium)-oxygen (hydronium),   in the hydrated 
proton exchange membranes. 
 
Another interesting clue is the pair correlation among charge carriers: the −− − OHOH  
correlation in PSU-A and the ++ − OHOH 33  correlation in PSU-S. Figure 28 shows a 
surprising comparison between ( )rg hydroxideOhydroxideO )()( −ρ  and ( )rg hydroniumOhydroniumO )()( −ρ : 
the hydroxide ions have a very strong first correlation peak at ~ 4 Å and the second peak 
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at ~ 6.6 Å whereas the hydroniums have a very broad pe k at ~ 6.6 Å, but no peak at ~ 4 
Å. Thus, the molecular view based on Figure 28a is that the hydroxide ions in PSU-A are 
distributed regularly through water phase with ~ 4 Å of distance from each other, which 
is not the case for the hydroniums in PSU-S (Figure 28b). From such differences in the 
correlation between charge carriers (Figure 28) as well as the diffusion coefficients 
(Table 4), it is presumed that the high correlation among hydroxide ions may restrict the 
mobility of OH- through the water phase, which seems reasonable sinc the +OH3 does 
not show such strong correlation at ~ 4 Å and correspondingly has a larger diffusion 
coefficient. Here, it is also noted that the correlation between hydroxide ions could affect 
the water diffusion since the restricted movement of OH- may restrain the diffusivity of 
water molecules. For a rationalization of why only the hydroxide ions have stronger 
correlation at ~ 4 Å, we may scrutinize the differenc  between −OH  and +OH3 . 
Although both charge carriers have the same amount f et charge (-1.0 and +1.0 for 
−OH  and +OH3 , respectively), there is only one hydrogen in the 
−OH compared to three 
hydrogen in the +OH3 . Thus, the hydroxide ion has larger charge values per atom in a 
more compact size, which would facilitate the solvation in water through stronger 
associative electrostatic interaction in addition t hydrogen bonding interaction. This 
would cause the hydroxide anion mobility to be suppressed by the greater number of 
solvating water molecules. Furthermore, the uniaxial molecular structure of the hydroxide 
may induce more dipole-dipole interaction with prefe red orientations in comparison to 
the tripod shape of the hydronium, which imposes another restriction on the hydroxide 
ion mobility. Therefore, from this study, it is learned that the transport of the hydroxide 
ion would be restrained molecularly despite the greater nanophase-segregation in PSU-A 
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membrane. We find our lower transport results consistent with literature reported values. 
The diffusion coefficient of hydroxide ions is half o  that of protons in bulk water as 
measured in experiment.[138] Additionally, the diffusion coefficient of protons in PEM 
is usually four times higher than for hydroxide in AEM, and in general for nearly all 
media.[137, 161]  We believe that a more detailed elucidation is required to understand 
the low diffusivity of the hydroxide anion, which is left for future study. 
Deformation of polysulfone-based polymer membranes 
Similar to the Nafion simulations presented earlier, the local structure of 
polysulfone-based proton and anion exchange polymer membranes show little change as 
a result of deformation. Of greater interest is theeffect of uniaxial stretching on the 
phase-segregated membrane morphology. The nanophase-segregation of the hydrated 
polymer membrane describes the extent to which the water and polymer phases are 
separated. A more developed separated structure is essential to for improving proton 
transport properties. To characterize the effect of stretching on nanophase-segregation, 
the anisotropic structure factor is calculated as de cribed for Nafion in Chapter 3. The 
structure factor for the isotropic structure that is calculated from the Fourier transform of 
the PCF is a spherically averaged measure of particle arrangement in in real space. In this 
simulation study, however, the structure is uniaxially extended, which would develop 
anisotropic feature in the hydrated membrane. In order to evaluate the effect of such 
uniaxial deformation, therefore, the directional struc ure factor was calculated along the 
direction of specific reciprocal space vectors, k, such as (100), (010), and (001). These 
directions are chosen based on the deformation direction during our MD simulations. 
 89
 
Figure 29: Structure factor profile for (a) PSU-S and (b) PSU-A. The blue profile represents the 
membrane before deformation. The dashed red line is the structure factor calculated perpendicular 
to the deformation, while the dotted red line is in the direction of stretching. 
 
Figure 29 shows the structure factor profile calculated from hydrated PSU-S and 
PSU-A before and after deformation. The structure factor profiles are calculated as a 
function of the scattering vector, q. Before the deformation, the strongest peak is found at 
q=1.5 [LÅ]-1 whereas its intensity is significantly decreased after the deformation, 
especially in the direction of extension. We believe this change in the structure factor 
profile indicates that the nanophase-segregated structure is significantly deformed and 
rearranged during the uniaxial extension, and thereby the long-range correlation along the 
extended direction is suppressed very much. The othr directions perpendicular to the 
extended direction also show a small reduction in their intensities in Figure 29, meaning 
that the nanophase-segregated structure in the hydrated PSU membranes lose some 
portion of the long range correlation at q=1.5 [LÅ]-1 during the deformation. Instead, it 
should be noted that the longest range correlation in our structure factor profile analysis 
at k=1 [LÅ]-1 is increased more than twofold. We believe this is clear evidence that the 
nanophase-segregated structure develops greatly in the perpendicular direction to the 
extended direction, implying a more developed water phase correspondingly, since the 
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enhanced segregation and developed water phase are d si able for transport properties in 
the membrane.  
  
Table 14: Vehicular diffusion coefficients (D) of water and hydronium ions 
D (×10-5 cm2/s) 
Simulation Water Hydroxide/Hydronium 
Total Def Perp. Def Ext. Total Def Perp. Def Ext. 
Undeformed PSU-A 0.0051 0.0022 0.0032 0.0006 0.0003 0.0002 
Deformed PSU-A 0.0071 0.0034 0.0038 0.0014 0.0007 0.0008 
Undeformed PSU-S 0.0295 0.0157 0.0128 0.0004 0.0003 0.0001 
Deformed PSU-S 0.7353 0.4814 0.1401 0.0017 0.0009 0.0008 
 
Similar to deformed Nafion, the transport properties of water, protons, and 
hydroxide anions in PSU-based polymers give some indication of the performance in 
PEM and AEM environments. By far, the most significant improvement in diffusivity 
was observed for water in the PSU-S system following deformation. Particularly, the 
diffusion of water in the directions perpendicular to stretching is nearly four times larger 
than in the direction parallel to drawing. The diffusivities observed in the PSU-A system 
are significantly lower, as expected. Overall, the otal diffusivities of all species are 
improved following deformation. 
Multiblock Copolymer-based Anion Exchange Membranes 
 The simulations discussed earlier provide a fundamental comparison between 
PEM and AEM using a well-known polymer backbone. The drawbacks hindering AEM 
development were highlighted by the choice of a hydrocarbon-based polymer backbone 
relative to PEMs with similar backbones. In this section, we turn our attention to new 
AEMs with novel molecular architectures in polymer backbone. Recently, AEM studies 
have sought to design more stable, high conducting membranes by mimicking the 
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properties desirable in PEMs. The challenges of hydrocarbon-based AEMs, like the 
quaternary ammonized polysulfone-based membrane describ d earlier, include poor 
hydroxide conductivity at low levels of hydration as well as poor stability due to the 
chemical degradation.  
To achieve improved transport properties in AEMs similar to those of PEMs, it is 
thought that we need to create more nanophase-segregation at moderate hydration levels. 
For this, increasing the hydrophobicity of the polymer backbone is considered in order to 
induce more developed water domains and channels via nanophase-segregation. 
Consequently, this should facilitate better transport of water molecules and hydroxide 
ions.  
So far, significant progress has been made in designing multiblock anionic 
conducting polymer membranes.[162] Although the new membranes attained desirable 
levels of ionic conductivity, they exhibited undesirably high water uptake. This leads to 
both swelling and unstable properties as a function of operating temperatures. To address 
this, recent efforts have attempted 1) to regulate the hydrophobicity of the polymer by 
employing fluorination in multiblock copolymers and 2) to optimize the ion exchange 
capacity via the number of hydrophilic polar groups. We sought to model the new 
molecular architectures of polymers with the variables abovementioned to establish 
structure-property relationships.  
The chemical synthesis of novel anion exchange membranes was performed by 
Dr. Kohl’s Research Group at Georgia Tech.[163] Thec mical structure of the one and 
two-tethered multiblock copolymers is shown in Figure 30.  
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Figure 30: Chemical structures of recently synthesized multiblock copolymers for anion exchange 
membranes with (a) one and (b) two anion tether groups. 
 
Modeling and Simulation Methods 
The anion exchange membranes consisting of quaternary ammonized multiblock 
copolymers were modeled and simulated using the same protocol described earlier in this 
chapter. The force fields used for simulating these polymers are also the same as those 
used before. The block compositions and number of tethered side chains were determined 
to have the same conditions as their experimental counterparts. In this study, we 
simulated three polymer configurations: X5Y7-1, X5Y7-2, and X3Y8-2.  In our 
simulations, each hydrated membrane contains four plymer chains with two repeat units 
(N=2 in Figure 30) and the experimentally determined water content. A summary of the 
simulated polymers is provided in Table 15. The analyses were implemented using the 
equilibrated polymer membranes. Despite similar molecular weights among the polymer 
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chains and densities of the hydrated membranes, the ize of the simulation cell varies due 
to the difference in water uptake. 
 
Table 15: Summary of simulated block copolymer anion exchange membranes 
Ionomers X5Y7-1 X5Y7-2 X3Y8-2 
Molecular weight per chain (daltons) 18599 20590 19927 
Dimension of simulation box (Å) 49.69±0.09 63.31±0.06 54.18±0.06 
No. of quaternary ammonium per chain 14 28 32 
Density (g/cm3) at 353.15 K 1.11±0.006 1.12±0.003 1.16±0.004 
Water content (wt %) 8.0 50.8 26.7 




The synthesis and experimental characterization of the polymers presented here 
were performed by Professor Kohl’s Group at Georgia Tech.[163] Table 16 presents the 
basic characteristics and properties of the newly synthetized polymer membranes. From 
the seven noted multiblock copolymers, the following configurations were selected for 
simulation: X5.4Y7-1, X5.4Y7-2, and X3.1Y8-2. For simplicity, the block ratios of the 
amorphous membranes were set to X5Y7-1, X5Y7-2, and X3Y8-2, respectively, for 
simulations. From the measurements shown in Table 16, the X5.4Y7-2 copolymer 
demonstrated the highest hydroxide conductivity. However, the highest hydroxide 
conductivity came with the concession of high water uptake (50.77 wt %). The one-tether 
copolymers show lower water uptakes, but also demonstrate low conductivity and ion 
exchange capacities. Thus, it seems that the high conductivity of X5.4Y7-2 is due to the 
addition of a second tethered quaternary ammonium group to the block copolymer 
backbone. Modifying the ratios has demonstrated that high hydroxide conductivity can be 
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achieved while lowering the water uptake by nearly half of the initially synthesized 
X5.4Y7-2 copolymer. 
  












(wt %) R.T. 80°C 
Y8-1 16.5 ± 3.9 18k 1.18 13.1 36.1 35.9 
X3.1Y3.6-1 7.8 ± 1.2 88.6k 0.66 16.4 51.5 5.5 
X5.4Y7-1 9.7 ± 1.6 68.2k 0.73 14.2 34.7 8.0 
X5.4Y7-2 22.5 ± 2.9 68.2k 1.30 38.2 119.7 50.8 
X3.1Y8-2 15.3 ± 1.3 55.9k 1.56 23.1 94.0 26.7 
X3.1Y3.6-2 12.2 ± 1.4 66.0k 1.19 25.8 85.0 25.0 
X5.9Y5-2 11.3 ± 1.9 59.0k 1.10 22.1 66.7 19.6 
 
Understanding the structure-property relationship of these novel AEMs is 
important to fully characterize their performance. Limited experimental analysis is 
available about these block copolymers. However, nanoscale images obtained through 
atomic force microscopy, (AFM) shown in Figure 31, offer insight into the domain size 
of these membranes. These results show the domain size ordering of X5.4Y7-2 > X3.1Y8-2 
> X5.4Y7-1, which is consistent with the conductivity trends. The conductivity and 




Figure 31: Atomic Force Microscopy images of mPES membranes.[163] 
 
Computational Results 
 The equilibrated structures of the simulated hydrated X5Y7-1, X5Y7-2, and X3Y8-2 
membranes are shown in Figure 32. The gray and green regions denote the carbon and 
fluorine in the polymer backbone, while the red regions represent the oxygen from the 
water molecules. These structures indicate the low level of hydration in X5Y7-1 and the 
high water content in X5Y7-2. The structure-property relationships were characte ized 
using pair correlation functions for local structure, structure factor for domain sizing and 
correlation, and mean squared displacement for diffusivity. These analyses were 
performed as previously described in the chapter. The hydroxide anion transport in 
AEMs is expected to correlate with water channel development. The first clues about the 
structure of the hydrated membranes can be found in the local structure, characterized by 
the pair correlations of key molecular groups. Of particular interest are quaternary 
ammonium groups, water, and hydroxide molecules. The local distribution of these 
molecules is investigated in the following sections. 
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Figure 32: Equilibrated structures of (a) X5Y7-1, (b) X5Y7-2, and (c) X3Y8-2. 
  
Quaternary ammonium group distribution 
The PCF of the nitrogen-nitrogen pair in Figure 33 shows unique profiles for each 
of the polymer membranes. First, it is found that the X5Y7-2 profile shows the lowest 
nitrogen-nitrogen peak intensity compared to those f other membranes, which is likely 
due to the high water content (~50 wt %) in the X5Y7-2 membrane. Next, it is also found 
that both X5Y7-1 and X3Y8-2 show the first hydration peaks at ~7 Å, while X5Y7-2 does 
not show a peak at the same location. This suggests that quaternary ammonium groups in 
the X5Y7-2 membrane are unlikely to be found in close proximity to one another as 
observed in the other membranes.  We think that this is also likely due to the high water 
content (~50 wt %) in the X5Y7-2 membrane.  
A more distant second peak is found in all three membranes. X5Y7-1 shows a 
narrow second peak at ~8.8 Å while X5Y7-2 and X3Y8-2 share a common broad peak at 
9.3 Å. Additionally, the X5Y7-1 profile notably lacks a third peak centered at ~12.5 Å, 
whereas this peak is only observed for the two-branch membrane systems (X5Y7-2 and 
X3Y8-2). It is thought that this peak at ~12.5 Å is due to the intramolecular correlation of 
quaternary ammonium groups. Furthermore, this may suggest the cationic groups on the 
same monomer are spaced farther apart, resulting in a rearrangement of the copolymer 
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backbone, and subsequently, increased ion exchange capacity. Conclusively, the 
quaternary ammonium groups are highly solvated with respect to water throughout the 
membrane, so that the N-N correlation is very sensitive to the water content. 
  
 
Figure 33: Pair correlation function of nitrogen-nitrogen for quaternary ammonium groups in 
simulated X5Y7-1, X5Y7-2, and X3Y8-2. 
  
Solvation and dissociation of ionic groups 
 To investigate the solvation of quaternary ammonium in the hydrated membranes, 
the PCF for Nitrogen (quaternary ammonium)-Oxygen (water) pair is analyzed as shown 
in Figure 34. From the calculated profiles, it is app rent that the more hydrated 
membranes displayed the most intense peaks. While the first solvation peak for each 
membrane has the same position, the thickness of the solvation shell is clearly increased 
as a function of water content. Correspondingly, the second peak position is shifted out 
with increasing the water content.  From this result, it is implied that the water channels 
are formed and developed in the membrane as a function of water content. In other 
words, the more developed water channels may allow better transport of water and ions. 
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To confirm this, the coordination number of water su rounding quaternary ammonium is 
calculated by integrating the first solvation shell in Figure 34. The results are presented in 
Table 17. The coordination numbers are 7.8, 20.3, and 14.1 for X5Y7-1, X5Y7-2, and 
X3Y8-2, respectively. Overall, the calculated coordination numbers confirm the solvation 
trend indicated in Figure 34. The quaternary ammonium groups in the X5Y7-2 membrane 
are the most solvated and surrounded by the most water molecules, while those in the 
X5Y7-1 membrane are surrounded by the least. 
 
Figure 34: Pair correlation function of nitrogen-oxygen (water) for quaternary ammonium groups in 
simulated X5Y7-1, X5Y7-2, and X3Y8-2. 
  
Another clue regarding the membrane performance can be found in the pair 
correlation functions between quaternary ammonium groups and hydroxide anions. These 
profiles are analyzed as shown in Figure 35. An inverse relationship between peak 
intensity and membrane conductivity is readily apparent. The poorest conducting 
membrane, X5Y7-1, shows a sharp peak at ~4.7 Å for the PCF of the N (quaternary 
ammonium) and O (hydroxide), while, X5Y7-2 shows no clearly centered peak. This 
indicates that the hydroxide is more closely correlated with the quaternary ammonium in 
 99
X5Y7-1, while almost completely dissociated in X5Y7-2. More indicative of the condition 
of hydroxide ions in the hydrated membrane is the degree of solvation. This can be 
quantified through the water coordination number for the hydroxide ions as presented in 
Table 17. The trend here is opposite of that found from the pair correlation between 
quaternary ammonium and hydroxide. Whereas the hydroxide ions are closely correlated 
with quaternary ammonium in the lower conducting membranes, the hydroxide ions are 
more highly solvated in high conducting membranes. X5Y7-2 and X3Y8-2 show the 
highest CNs of 5.9 and 5.6, respectively.  X5Y7-1 shows the lowest CN of 4.9. Physically, 
the hydroxide ions surrounded by more water molecules diffuse more readily through the 
membrane.  Furthermore, this implies that the internal membrane structure of X5Y7-2 and 
X3Y8-2 are better developed for hydroxide ion transport. A more clear indication of this 
phenomenon can be found by analyzing the extent of the nanophase-segregation of these 
membranes. 
Table 17: Coordination Numbers (CNs) for the solvation of quaternary ammonium groups and 
hydroxide anions 
 N-O (H2O) OH-O (H2O) 
CN (N) ra (Å) CN (OH) ra (Å) 
X5Y7-1 7.8 6.2 4.9 3.2 
X5Y7-2 20.3 6.4 5.9 3.2 
X3Y8-2 14.1 6.3 5.6 3.2 




Figure 35: Pair correlation function of nitrogen-oxygen (hydroxide) for quaternary ammonium 
groups in simulated X5Y7-1, X5Y7-2, and X3Y8-2. 
 
Nanophase segregation 
The isotropic structure factor, described earlier, is used to characterize the extent 
of nanophase segregation of the three membranes. The structure factor profile can be 
obtained from small-angle scattering experiments such as SAXS and SANS. These 
measurements can be used to characterize density-density spatial correlation, providing 
nano-scale domain size in polymer membranes. In this section, the structure factor is 
calculated to discuss the effect of molecular archite ture on the nanophase segregation. 
Figure 36 shows the structure factor profiles for the hree simulated anion exchange 
membranes. From the profile, X5Y7-2 shows the greatest peak intensity and lowest value 
of qmax, indicating the largest water domain size among the membranes in this study. 
X5Y7-2 also shows two distinct peaks. For analysis, the second peak, located at q = 2.3 is 
used. X3Y8-2 shows a peak centered at q = 2.8. Last, X5Y7-1 does not show a distinct 
peak, and therefore, no significant nanophase-segregation can be claimed to occur. An 
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approximate domain size of 1.8 nm is estimated for X5Y7-1. Similarly, the domain sizes 
for X5Y7-2 and X3Y8-2 are 2.7 and 2.2 nm, respectively. These results show strong 
agreement with the experimentally measured domain size ordering of 22.5 nm (X5Y7-2) > 
15.3 nm (X3Y8-2) > 9.7 nm (X5Y7-1) indicated in Figure 31. 
 
Figure 36:  Structure factor profiles calculated from X5Y7-1 (blue), X5Y7-2 (pink), and X3Y8-2 
(yellow). The interdomain spacing calculated from qmax are 1.8, 2.7, and 2.2 nm for X5Y7-1, X5Y7-
2, and X3Y8-2 respectively. 
 
Transport Property Analysis 
 
A final indication of the AEM performance is determined from the transport 
properties. The mean squared displacement provides information regarding the mobility 
of water and hydroxide in the hydrated membrane. Th MSD for water and hydroxide are 
shown in Figure 37 and Figure 38, respectively. Theov rall displacement of both water 
and hydroxide indicate that the respective molecules exhibit the highest mobility in the 
X5Y7-2 membrane and the lowest in X5Y7-1. In particular, the displacement of water and 
hydroxide in X5Y7-2 are much higher than the other membranes, which is mainly due to 
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the abnormally high water content (~50 wt %) in them mbrane, compared to other 
polymer electrolyte membranes. A more quantitative indicator of the transport properties 
is the vehicular diffusivity of water and hydroxide.   
 
 
Table 18: Vehicular diffusion coefficients for X5Y7-1, X5Y7-2, and X3Y8-2 at 353.15 K 
D (×10-5 cm2/s) 
Simulation Water Hydroxide 
X5Y7-1 0.0305 0.0031 
X5Y7-2 0.5051 0.2078 
X3Y8-2 0.1099 0.0238 
 
 
Table 18The diffusivities of the simulated membranes (Table 18) are calculated 
from the slope of the MSD as described earlier in the chapter. The diffusion coefficients 
of water and hydroxide show the same trend as those found in the simulated nanophase-
segregation. The mobility of hydroxide ions is significant as it relates directly to the 
conductivity of ions in the membrane. As described in equation 7, the conductivity 
increases as diffusivity of the hydroxide ion increas s. However, the diffusivities 
calculated diffusivities in Table 18 only represent the vehicular diffusion and do not take 
into account any secondary diffusion mechanism, such as ion hopping. Still, the trends 
found in the vehicular diffusivity of the hydroxide ions agree with the trends shown in the 
experimentally measured conductivities. This trend is also likely to be found for the ion 
hopping contribution of the hydroxide diffusivity. For verification, the structural or 
Grotthuss diffusion of hydroxide ions is necessary to accurately determine the total 
diffusivity and calculate the conductivity of a simulated membrane. However, this 
estimation of ion hopping in anion exchange membranes is unique to that in proton 
exchange membranes and requires a different treatment. Some examples of 
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computational calculations of hydroxide hopping have been performed, but rely on 
reactive force fields, which are not used in this work.[43] For future study, we plan  to 
develop a computational approach to approximating ion hopping in anion exchange 
membranes using a transition state-theory approach, similar to that performed for proton 
exchange membranes as described earlier.  
One last discussion should be made regarding the calculated diffusivities in the 
simulated anion exchange membranes. The diffusivities, similar to the calculated mean 
squared displacement, show X5Y7-2 to have a significantly larger value than the other 
membranes in this study. The diffusivities of both water and hydroxide in X5Y7-2 are an 
order of magnitude larger than those in other membranes. A potential explanation of this 
is likely due to the relatively high water content i  the X5Y7-2 model. Initially, this 
discrepancy is alarming as the differences in conductivity from the experimental 
membranes are not as dissimilar. However, the simulated membranes are much smaller in 
scale, and local differences are likely amplified. The ~50 wt % water level in X5Y7-2 
results in much larger phase segregation than observed in the other membranes. In a 
simulated system, this could result in a much higher calculated MSD and diffusivity. 
Conversely, the 8 % water uptake in X5Y7-1 is also unexpectedly low. The small-scale of 
the MD simulation, combined with the low water content, may result in calculated 
diffusivity lower than that measured experimentally. Still, the ordering results and 
magnitude of the diffusivities calculated provide valuable guidance for future study and 
design of AEMs. Thus, we think that our molecular dynamics simulations in this study 
provide a qualitative understanding of diffusivity rends. In order to investigate the 
transport properties of these membranes more quantitatively, we plan to develop a larger-
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scale coarse-grained simulation approach. We also plan to implement a transition state 
theory based method for the hopping mechanism of hydroxide in the water phase. 
 To confirm whether the calculated transport properties are affected by longer 
time-scale simulations, an additional 30 ns equilibrium NPT simulation was completed 
for the three polymers. The trajectories of the 30 ns simulations were used to calculate the 
mean squared displacement of water and hydroxide ions, and subsequently, their 
respective diffusivities in the polymer membranes. These diffusivities show agreement 
with the initial 5 ns simulation study. Thus, it can be concluded that the diffusivity results 












First, we performed molecular dynamics simulations of a hydrocarbon-based 
anion exchange membrane (PSU-A) and proton exchange membrane (PSU-S) to compare 
their nanophase-segregated structures and transport pr perties. For this purpose, we 
prepare the same molecular structures for both membranes except for the ionic groups 
and corresponding counterions: the quaternary ammoniu  and hydroxide for PSU-A and 
the sulfonate and hydronium for PSU-S.  
The distribution of quaternary ammonium is investigated using the pair 
correlation function (PCF) of the nitrogen-nitrogen pair, showing that the distance 
between ammonium groups is increased with increasing water content. This is similarly 
observed in the PCF of the sulfur-sulfur pair in PSU- . Such solvation of quaternary 
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ammonium and sulfonate by water molecules are also analyzed through the PCF of the 
nitrogen-oxygen (water) pair and the sulfur-oxygen (water) pair, respectively. It is 
observed that the solvation shell of the ammonium group is larger than that of the 
sulfonate group, meaning that the number of water molecules in the first solvation shell 
of the ammonium is more than that of the sulfonate. This is mainly due to the bulkier size 
of the ammonium group. 
The consequence of such solvation of ionic groups is found consistently in the 
correlation between the ionic groups and their counterions. As the ionic groups are 
solvated more, the correlation of the ionic group with its counterion is weakened. It 
should be noted that the PCF of the ammonium-hydroxi e pair is much weaker than that 
of the sulfonate-hydronium pair. We think that this is due to the bulky three methyl 
groups surrounding nitrogen that screens the electrostatic interaction with hydroxide, in 
addition to the better solvation of the hydroxide compared to the hydronium. 
Consequently, such better solvation of the hydroxide anion affects the hydrogen-bonding 
network of the water phase, especially at low water content condition.  
The extent of nanophase-segregation is characterized using structure factor 
analysis. While the characteristic correlation length in PSU-A membrane has similar 
value with that in PSU-S membrane, the intensity of the structure factor of PSU-A is 
larger than that of PSU-S at 20 wt % of water content due to the larger concentration 
contrast between the water phase and the polymer backbone phase in the PSU-A 
membrane compared to the PSU-S membrane. This means th t the PSU-A membrane 
attains more nanophase-segregation, which is mainly due to better solvation of the 
quaternary ammonium and hydroxide. 
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 Within such nanophase-segregated structures, the diffusion of the hydroxide anion 
in PSU-A is observed to be ~ 6 % and ~ 11 % of that of the hydronium in PSU-S at 10 wt 
% and 20 wt % of water content, respectively, although the PSU-A has a more enhanced 
nanophase-segregated structure. It is thought that such lower diffusion of hydroxide 
might be due to the larger effective size of the OHOH 2−
−  cluster, and the distinctively 
strong −− −OHOH  correlation at ~ 4 Å in PSU-A, which is not observed from the 
++ − OHOH 33  correlation in PSU-S. 
In deformed PSU-based structures, a significant improvement in diffusivity was 
only observed for water in the proton-conducting version of the membrane. This is likely 
due to the higher extent of the nanophase segregation for PSU-S particularly in the 
directions perpendicular to the stretching direction. The extent of segregation is nearly 
identical to the undeformed membrane. The PSU-A structu e shows a lower extent of 
phase segregation, and similarly, a smaller relative improvement in water diffusivity 
following deformation. 
Following these simulations, we then performed MD simulation of three newly 
synthesized hydrated anion exchange polymer membranes. We found strong agreement 
between the structure and transport properties observed in our simulations with 
experimental measurements. Notably, the presence of a third peak of the quaternary 
ammonium-quaternary ammonium pair correlation in the two-branch polymer membrane 
suggests a new understanding of the membrane structure. This could indicate that intra-
molecular quaternary ammonium groups are far apart from each other, forcing a 
rearrangement of the polymer backbone. Instead, the addition of tether groups may cause 
a reorientation of the polymer backbone, resulting i  a more conductive membrane. 
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Additionally, the vehicular diffusion trends show strong agreement with the measured 
conductivities. We suggest incorporating the full hydroxide transport mechanism in 
future studies to better model ionic conductivity.  
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CHAPTER 6             
SUMMARY 
 
 From the deformation simulations of Nafion, PSU-S, and PSU-A, it can be 
definitively concluded that the transport of water is enhanced following deformation. The 
overall phase segregation is shown to be more intense in the directions perpendicular to 
draw, while greatly reduced along the stretching axis. This suggests that water channels 
are better-developed through-plane. In the context of fuel-cell applications, this implies 
that transport properties are more enhanced in throug  the MEA. While a relationship 
between deformation and membrane performance has been established, we recommend 
that future simulation work focus investigating other aspects of fuel-cell membrane 
performance. 
 For hydrocarbon-based polymer membranes, a number of superacidic polymers 
containing different fluoroalkyl sulfonate groups were studied. The membrane containing 
short –OCF2SO3H pendant showed smaller hydrophilic domain size and lower proton 
conductivity than the membrane containing –OCF2CF2SO3H because of its less 
favorable aggregation of sulfonate groups and lower acidity. Also, polymer with 
branched sulfonate sidechain structure (PSU-S6) produced larger interdomain size and 
more distinct phase separation behavior compared to other linear fluoroalkyl sulfonated 
polymers. We recommend future work in this area to investigate the addition of more 
sulfonate group tethers to the side chain structures. This is due to the improved 
performance in the two-tethered PSU-S6 membrane when compared to the other single-
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tether polymer membranes. This modification should increase IEC and drive greater 
phase segregation, ultimately resulting in more facile transport and higher conductivity. 
For our study of anion exchange membranes, strong agreement was found 
between the structure and transport properties observed in our simulations with 
experimental measurements of newly synthesized AEMs. Our simulations focused on a 
number of block copolymers with multiple quaternary mmonium tethers per monomer 
unit. These structures are necessary to address the inherent transport deficiencies of 
AEMs when compared to PEMs of the same backbone. Thus, we suggest seeking AEMs 
with higher IEC while restricting water uptake. Notably, the presence of a third peak in 
the two-tether polymer quaternary ammonium-quaternary ammonium pair correlation 
profile suggests a new understanding of the membrane structure. This could indicate that 
intra-monomer quaternary ammonium groups are oriented far apart, forcing a 
rearrangement of the polymer backbone. Additionally, the vehicular diffusion trends 
show strong agreement with the measured conductivities. 
 
For the newly synthesized anion exchange membranes, we uspect increasing the 
number of ionic groups may not directly contribute to the increase in IEC. Instead, the 
addition of tether groups may cause a reorientation of the polymer backbone, resulting in 
a more conductive membrane. To better understand these systems, we suggest the 
incorporation of full hydroxide diffusivity in future studies. We also recommend pursuing 




SUPPORTING INFORMATION FOR PSU SIMULATIONS 
 
This section includes relevant sections of the supporting information for the work 
presented in Chapter 4. It is included for completen ss and was previously published in a 
paper published with our collaborators.[90] 
Spectroscopic Characterization 
1H, 19F and 13C NMR spectra were obtained using a Varian NMR spectrometer 
(400 MHz for 1H, 376 MHz for 19F, and 100 MHz for 13C) at room temperature and 
chemical shifts were referenced to TMS (1H and 13C) and CFCl3 (
19F). GC/MS analysis 
was conducted using a Shimadzu QP2010S equipped with a 30 m × 0.25 mm SHR-XLB 
GC column and an EI ionization MS detector. 
Analysis of O-D stretching band by Fourier transform infrared spectroscopy 
Thin films of sulfonated polysulfone in sodium form were cast from dimethyl 
sulfoxide onto CaF2 windows, dried at 50°C for 4 h, then at 80°C for 6 h and placed in an 
FTIR transmission flow cell (Model 64100-F, New Era Enterprises, Vineland, NJ). 
Humid air containing 5 mol % D2O was flowed (20 std. cm
3 s-1) through the cell while 
spectra were recorded using a Bruker (Billerica, MA) VERTEX 70 spectrometer with a 
nitrogen-cooled mercury-cadmium-telluride (MCT) detector. Humidification of the 
flowing air through the FTIR cell was achieved by dew-point mixing of fully-humidified 
and dry air streams. Air at dewpoint was produced by a water sparging system, and was 
then mixed with a dry air stream at controlled mass flow ratios to yield a range of relative 
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humidities. The relative humidity (RH) of the mixed stream was measured using an RH 
probe (Omega HX15-W, Omega Engineering, Inc., Stamford, CT) before being 
introduced to the measurement cell at the same temperature as the system. Each RH 
corresponded to a different hydration number (λ = mole of water/mole of sulfonate 
group) depending on the polymer sample. Hydration numbers were measured using a TA 
Instruments Q5000SA water vapor sorption analyzer and reported as a function of RH. 
Each spectrum was recorded at 2 cm-1 resolution and 100 scans. The hydrated spectra 
were obtained by using the dry polymer as a reference. Spectra were extracted from 2700 
cm-1 and 2400 cm-1 and baselined by setting the absorbance equal to 0 at those two 
points. Peak fitting was performed using Origin 8.0(OriginLabs, Northhampton, MA) 
data analysis software. Three Gaussian peaks were us d to fit the OD region from 2700 
cm-1 to 2400 cm-1. One peak corresponding to bulk-like water, was held constant for all 
samples and was centered at 2509 cm-1 with a constrained FWHM of 170 (signature of 
HOD in bulk water), while the headgroup-associated an intermediate water peaks varied 
by sample. The peak positions and FWHM for headgroup-associated and intermediate 
water were determined by fitting the lowest RH samples with three peaks, the third peak 
being bulk water with peak position of 2509 cm-1 and FWHM of 170. The peak shape 
(peak position and FWHM) of the head-group associated water was held constant 
throughout the remainder of the fitting at each RH. The intermediate peak position was 



























SOURCE CODE FOR STRUCTURE FACTOR CALCULATION 
 
This section contains the source code for calculating he structure factor of 
hydrated polymer membranes. The calculation first requires converting the structure into 
a lattice of hydrophilic and hydrophobic elements, denoted by the coordinates and 
assigned values of 1 or -1, respectively. Two scripts are used to complete the calculation. 











































APPENDIX C  
TCL SCRIPT FOR RDF, MSD, AND PROPERTY ANALYSIS 
 
The script below is an example used to analyze the results of molecular dynamics 
simulation trajectories. Statistical properties, mean squared displacement, and radial 
distribution function profiles were obtained using modified versions of the script below 
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